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Introduction:  The  investigators  have  undertaken  several  efforts  underlying  the  enhancement  of 
the  performance  of  nanostructure-based  sensors  and  electronic-optoelectronic  devices.  These 
include:  initial  designs  of  novel  single-well— double-well  photodetectors  that  significantly 
enhance  the  signal-to-noise  ratio  of  photodetectors  relying  on  phonon-assisted  transitions  as  well 
as  photon  absorption  events;  the  use  of  colloidal  quantum  dots  as  optoelectronic  elements; 
investigating  novel  nanostructures  (including  graphene  and  CNTs  as  contacts)  as  components  of 
quantum-dot  based  optoelectronic  devices;  investigating  confined  phonon  effects  in  novel 
components  of  the  integrated  nanostructure -based  optoelectronic  structures;  investigating  full- 
tensor  piezoelectric  properties  of  nanostructures  including  nanowires;  and  the  investigation  of 
photodetector  structures  from  these  nanostructures  and  conducting  polymers.  This  research 
includes  modeling  and  theory  of  quantum  wires  and  quantum  dots  for  opto-electronic, 
piezoelectric,  and  electronic  applications  including  sensors  and  piezoelectric  components. 

This  research  program  addresses  systematic  theoretical  and  experimental  investigations  of 
nanostructure -based  electronic  and  optoelectronic  structures  with  the  goal  of  facilitating  major 
improvements  in  the  performance  levels  of  nanodevices  beyond  the  current  state-of-the-art.  In 
particular,  this  program  focuses  on  research  thrusts  with  objectives  including:  model,  design, 
fabricate,  and  experimentally  characterize  robust  multi-functional  nano-device  structures  for 
enhanced  charge  transport  &  collection;  model,  design,  fabricate,  and  experimentally 
characterize  such  nanodevices  to  optimize  device  structures  with  quantum-engineering  and 
phonon-assisted  transitions  in  nanostructures.  Quantum  engineering  of  nano-structures  is 
emphasized.  Related  quantum- wire  structures  -  including  piezoelectric  quantum  wires  are 
included. 

Important  results  obtained  during  effort  include:  electrical  and  optical  studies  of  components  of 
devices  and  systems  of  quantum-dot-based  optoelectronic  devices;  electronic  and  optical 
properties  of  quantum  dots  and  quantum  wires;  characterization  of  phonon  modes  and 
piezoelectric  interaction  in  quantum  wires;  and  extending  a  theory  band  formation  in  an  array  of 
colloidal  quantum  dots  embedded  in  conductive  polymer;  extending  a  theory  band  formation  in 
an  array  of  colloidal  quantum  dots  embedded  in  conductive  polymer;  initial  design  of  a  novel 
single-well  double- well  heterostructure  photodetectors  with  dramatically  enhance  signal-to-noise 
based  on  resonant  interface-phonon-assisted  transitions;  role  of  interface  optical  phonon  modes 
in  wurtzite  quantum  heterostructures;  and  interface  phonon  modes  of  dual-gate  MOSFETs. 


Specific  results  were  obtained  on  the  following  topics: 

Design  of  a  Novel  Heterostructure  Photodetectors  with  Dramatically  Enhance  Signal-to-Noise 
based  on  Resonant  Interface-Phonon- Assisted  Transitions  and  Engineering  of  Energy  States  to 
Enhance  Transition  Rates; 
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Effect  of  the  Size  and  the  Separation  of  Metal  Nanodots  on  the  Electromagnetic  Enhancement  to 
Surface-enhanced  Raman  Spectroscopy; 

Interface  Optical  Phonon  Modes  in  Wurtzite  Quantum  Heterostructures; 

Interface  Phonon  Modes  of  Dual-Gate  MOSEET  Systems; 

Phonon  bottleneck  effects  in  rectangular  graphene  quantum  dots; 

Theoretical  study  on  the  effect  of  piezoelectric  charges  on  the  surface  potential  and  surface 
depletion  region  of  ZnO  nanowires; 

Modeling  the  effect  of  nanowire  size  on  the  piezoelectric  effects; 

Interface  phonon  modes  in  wurtzite  heterostructure  systems; 

Effect  of  the  size  and  the  separation  of  metal  nanodots  on  the  electromagnetic  enhancement  to 
surface-enhanced  Raman  spectroscopy; 

Annealing-induced  morphological  changes  in  nanocrystalline  quantum  dots  and  their  impact  on 
charge  transport  properties; 

Photoluminescence  and  Raman  Spectroscopy  of  Polycrystalline  ZnO  Nanofibers  Deposited  by 
Electrospinning; 

Piezoelectricity  in  Wurtzite  Polar  Semiconductor  Nanowires:  A  Theoretical  Study; 

Electronic  Properties  of  Y-junctions  in  Sn02  Nanowires; 

Tailoring  the  Surface  Properties  and  Carrier  Dynamics  in  Sn02  Nanowires; 

Charge  Transport  in  Two  Conductive  Polymer  and  Semiconducting  Quantum  Dot 
Nanocomposite  Systems; 

Piezoelectricity  in  Zinc  Blende  Polar  Semiconductor  Nanowires:  A  Theoretical  Study; 
Piezoelectricity  in  Eead  Zirconate  Titanate  Semiconductor  Nanowires:  A  Theoretical  Study; 
Electronic  properties  in  surface  passivated  Sn02  nanowires  with  Schottky  contacts; 

Phonon  bottleneck  effects  in  rectangular  graphene  quantum  dots; 

Piezoelectric  Eields  in  Quantum  Wires; 

Optoelectronic  Applications  of  Colloidal  Quantum  Dots. 
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In  this  Final  Report  summaries  are  organized  in  the  follow  Sections: 


Section  I:  Initial  Design  of  Photodetectors  using  Quantum  Engineering  of  Electronic  States  and 


Phonon  Engineering  5 

Section  II:  Growth  of  Nanowires:  Photoluminescence  Properties  and  Harmonic  Generation  of 
Phonons  10 

Section  III:  Plasmonic  Effects  in  Nanostructures  24 

Section  IV :  Phonon  Engineering  in  Graphene-based  Nanostructures  3 1 

Section  V:  Phonon  Engineering  in  Nanowires  —  Piezoelectric  Interactions  34 

Section  VI:  Phonon  Engineering  in  Nanostructures  -  Optoelectronic  Devices  and  MOSEETs  38 
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Enhanced  Signal-to-Noise  in  Photodetectors  due  to 
Interface  Phonon-assisted  Transitions 


Yi  Lan.  Nanzlm  Zhang.  Jiuixia  (Lucy)  Shi.  M.  Dutta  and  M.  A.  Stioscio 
Depaitmeiit  of  Electrical  and  Coiiputer  Eiigmeeriiig 
University  of  Illinois  at  Cliicago 
Cliicago  60607.  United  States 
ylan3@iiic.edii 


Abstract — Herein,  we  consider  examine  the  possibilitA-  of 
photodetectors  with  reduced  signal-to-noise  based  on  a  three 
quantum  well  structure  with  one  single  svell  and  one  double  svell. 
This  structure  facilitates  photon  detection  through  the  following 
sequence  of  events:  photon  absorptiou.  phonon  emission,  and 
then  photon  absorb  of  a  photon  basing  the  same  was  eleugth  as 
the  first  one.  Even  though  this  design  tsso  photons  a  phonon- 
assisted  transition,  it  is  demonstrated  that  greatly  enhance  signal- 
to-noise  is  obtained. 

Kepvords — single-double  quantum  u'ells;  photon;  phonon; 
photodetector} 


second  photon  absoiption).  as  gi\en  by  the  Richardson 
fonnula: 


>sn.E2 


^^photon  ^phonon 

^photon 
e  fCT 


^photoW^phonon 


(1) 


hi  tliis  equation.  Ej  -  Ej  =  E4‘-  Ei  =  Ephoton  E2‘  -  Ei  = 

Lphonon- 

t'pheion~^phonon  _  q 

For  example  if  ir  ~  .  a  dramatic  1/3.000 

reduction  can  be  realized. 


I.  INTRODUCTION 

Tliis  paper  addresses  novel  photodetectors  with  dramatic 
enliancement  hi  detectivity,  based  on  rapid  hiterface  phonon- 
assisted  transitions  combined  with  qnannmi  enghieermg  of 
phonon  and  electron  states  hi  iianostmctiues.  Based  on  the 
concepts  we  hitroduced  previously  [1-2]  for  heterostmctine 
lasers,  wlhch  have  resulted  hi  exheiiiely  large  eiilianceiiieiits 
hi  the  optical  gain  of  quantiuii-well-based  lasers,  tliis  work 
examhies  dramatic  enhancement  of  photodetecthity  hi  noi  el 
quantiun-well  based  photodetectors  hi  the  first  known 
embodiment  that  facilitates  the  detection  of  photons  over  a 
wide  range  of  fiequencies.  Herehi.  we  consider  a  triple 
quantiun-well  stinctiue  with  one  single  well  and  one  double 
well;  the  relationship  between  the  energy  levels  should  be.  as 
hi  Fig.  1. 

Er  =  E2‘ 

El  -  El  =  E4'-  Er  =  Epboton 

Er  -  E.  Epiioaou 

Tlhs  energy-level  stinctiue  facilitates  the  absoiption  of  a 
photon,  enhssioii  of  a  phonon,  and  the  absoiption  of  a  photon 
with  the  same  wavelength  as  the  orighial  photon.  Ei  is  the  first 
eiierg>'  level  of  the  shigle  well,  and  Ej  is  the  second  energy 
level  of  it.  hi  addition.  Ei.  Ei'.  E4.  and  E4'  represent  the  first, 
second,  tlhrd.  and  forth  energy  levels  for  the  double  quantum 
well. 

With  reference  to  Fig.  1.  it  is  straiglitforward  to  see  that 
there  will  be  a  dramatic  signal-to-noise  enliancement  hi  the 
ciuTeiit.  Is^Ei.  fioui  the  deepest  state  E,.  relative  to  fioni 
the  deepest  state  E2  (without  phonon-assisted  transition  and 
978-l-*799-543J-9'14'S31.00  S2014  IEEE 


II.  Theoretical  MODEL 

.4.  Single-Double  quantum  well  Snucruie 

Design  a  tluee  qiiantiun  wells  stinctiue  with  one  single 
well  and  one  double  well  as  Figiue  1 . 

The  relatioiislhp  between  the  energy  levels  should  be  E3 
equals  to  E2‘.  and  the  difference  between  E3  and  E2.  which  is 
also  the  fust  splitthig  of  the  double  quantiun  well,  equals  to 
one  phonon  energj'.  The  difference  between  Ej  and  Ei.  and  the 
difference  between  E4'  and  Ei  should  be  the  same  and  equal  to 
one  photon  energy. 


Figiue  1.  Stnictiue  of  photodetector. 

Therefore,  we  can  have  it  absorbhig  a  photon,  eiihtting  a 
phonon,  and  then  absorbing  a  same  wai  elength  of  photon.  Ej 
is  the  fir  st  energy  lei  el  of  the  smgle  well,  and  Ej  is  the  second 
energy  level  of  it.  At  the  nieanwhile.  Ei.  E2‘.  E4.  and  E4' 
represent  the  first,  second,  tliiid.  and  forth  energy  level  for  the 
double  quantiun  well. 
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B.  Transfer  Efficiency 

Considering  the  transfer  efficiency,  fiom  the  Fenni’s 
Golden  Rule  [1]. 


To  lia\'e  large  transfer  efficiency,  we  would  like  the 
iniiltiplication  of  wave  fimctions  at  initial  and  final  state,  and 
the  phonon/photon  energy  to  be  e\  en.  Therefore,  we  could 
liave  them  (even  odd  odd)  or  (even  e^■en  even).  As  we  know, 
plioton  energy  is  odd.  and  phonon  energy  is  asymmetric  (odd) 
as  well.  We  need  one  energy  level  lia\'ing  w^ave  fimction  to  be 
e^•elL  and  another  one  to  be  odd. 

From  figure  2.  it  show's  that  Ei  £3  £4  are  even,  but  £3  £3“ 
£4*  are  odd. 

We  pick  £1  to  £3.  and  £3  to  £4'  as  the  photon  absorbing 
levels:  the  splitting  of  £3'  to  £3  as  phonon  emitting  levels. 

C  Energy  Ley'eJs 

For  calculating  the  energy  levels  in  the  quantmn  wells, 
we  use  the  Scluodinger  equation  with  effecti^■e  mass 
mismatch  at  heterojimctions  [2]. 

--^1— i|;(z)  =  E!|j(z)  ,  0) 

2ml^dz^  ^  TV  /  /  2  —  —  2 

Tlien  w'e  need  to  compute  the  interface  phonon  modes  of 
our  stmcture  cause  we  need  to  make  sure  £T"-£-7=£pWn«  in  our 
stnicture. 


m.  Model  Examples 

Detector  designs  ha\e  been  considered  using  several 
different  materials,  and  herein  designs  based  on  GaAlAs. 
InGaAs.  and  luAlAs/lnP  are  considered. 

A.  GaAlAs  Design 

For  GaAs/Gai.xAlxAs.  band  Gap,  £g=  (1. 426+1. 247x) 
eV;  band  aligimient:  33%  of  total  discontinuity  in  valence 


baud.  i.e.  AVvb=0.33;  AVcb=0.67;  and  electron  effective  mass. 
m*=  (0.067+0.083X)  uiq  [1]. 

According  to  the  GaAlAs  design  as  figme  3.  we  got  the 
first  photon  absorbing  by  the  single  ha\'ing  the  energy  of 
211.193  meV.  and  the  second  photon  absorbing  by  the  double 
w’ell  having  the  energy  of  206.23  meV.  And  the  error  is 
2.407%. 

We  want  £3  equals  to  £3'  as  well.  The  difference  here  is 
0.23  meV. 

The  phonon  energy  in  Figure  3  is  33.79  meV.  but  after 
calculating  the  interface  phonon  in  tliis  structure,  w^  can  find 
one  phonon  at  33.812  rneV.  The  error  is  only  0.067%.  wliich 
is  very  small. 


Figure  3.  GaAlAs  stnictirre  witli  £i=0.07117  rneV.  £3=0.28231 
meV.  £3=0.24852  rneV.  £3  -0.28225  meV.  £4=0.38471  meV. 
£4^=0.45475  meV.  Potential  for  the  single  quantiun  well  is 
457.849riieV,  and  for  double  w'ell  is  241.457  rneV. 

B.  InGaAs  Design 

For  Irii.x.yAlxGayAs/AlAs.  total  band  discontirurity. 
AV  =  [2.093X  +  0.629y  +  0.577x‘  +  0.436y2  +  l,013xy  - 
2.0x^(l  —  X  —  y)]  eV 

Band  aligrunent:  47%  of  total  discontinuity  in  valence 
band.  i.e.  AVvb^-47;  AVcb=0.53:  and  electron  effective  mass. 
m*=  (0. 0427+0. 0685x)  nio  [1]-  Tlierefore.  for  Irii.yGayAs/AlAs. 
AV  =  [(0.629y  +0.436y^)x  0,53]  eV  in  conduction  band. 
Effective  rnass=.  m*=  (0.0427)  niQ. 

Accordirtg  to  the  InGaAs  design  as  Figure  4.  w-e  got 
photon  absorption  by  the  single  well  Iraving  the  energy  of 
170.566  meV.  and  the  second  photon  absorbed  by  the  double 
well  liaving  the  energy  of  177.4  tneV.  In  experiment,  enor  less 
tlian  5%  is  acceptable.  And  the  error  in  tliis  case  is  4%. 

The  difference  betw'een  £3  and  £3’  is  0.23  meV. 

The  phonon  energy  in  tliis  case  is  33.9  meV.  but  after 
calculating  the  interface  phonon  in  tliis  structure,  w^  can  find 
one  phonon  at  33.619  rneV.  The  error  is  only  0.83%. 


/ 


Figiue  4.  IiiGaAs  structiue  with  Ei=0.061614  meV,  £3=0.23218 
meV.  £2=0.19828  meV.  £2'=0.23195  meV.  £4=0.30754  meV. 
aiid  £4 ’=0.37568  meV.  Potential  for  the  single  qiiantiun  well  is 
381.371  meV.  and  for  double  w'ell  is  205.845  meV. 

C.  InAlAs/InP  Design 

From  the  parameters  of  Iiiux-yAljCayAs/AlAs  we 
mentioned  at  part  B,  for  hii.jAljAs/AlAs. 
AV  =  [(2.093x-1.423x^  +  2x=)x0.53]eV  jj, 
conduction  band.  Effective  mass=.  m*=  (0. 0427+0. 0685x)  nio. 


Figure  5.  Calculated  valence-band  offsets  are  combmed  with 
measured  low-temperatiue  band  gaps  to  yield  tlie  energy 
band  diagram  (in  eV)  for  the  heteromterface  in  the 
InGaAs/IiiAlAs/InP  family  [3]. 

Tlie  iirfomiation  fiom  Figure  5  is  used  to  calculate  the 
relationsliip  of  energy  levels  betw  een  hiAlAs  and  hiP. 

For  the  hiAlAs/InP  design  as  Figiue  6.  the  first  photon  is 
absorbed  in  the  single  w  ell  haring  the  energy  of  239.525  meV, 
and  tlie  second  photon  is  absorbed  in  the  double  well  liaving 
the  energy  of  236.8 1  meV.  And  tlie  eiror  is  1 . 136%. 

Tlie  difference  between  £3  and  £2'  is  2.17  iiieV. 

The  phonon  energy  in  tliis  case  is  30.2  iiieV.  but  after 
calculating  the  interface  phonon  in  this  structiue.  we  can  find 
one  phonon  at  29.19  iiieV.  Tlie  enor  is  only  3  .46%. 
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Figiue  6.  hiAlAs/IiiP  structiue  with  £i=0. 085365  iiieV. 
£3=0.32489  meV,  £2=0.0.29469  meV,  £2 ’=0.32272  iiieV, 
£4=0.4623  meV.  £4’=0.5315  iiieV,  Potential  for  the  single 
quantimi  well  is  542.981nieV,  and  for  double  well  is 
298.113  iiieV. 


FV.  PHONON  Energy  Calculation 


Hie  interface  phonon  modes  of  oiu  structiue  produce  a 
rapid  phonon-assisted  transfer  of  electrons  [4.  5.  6]  wiien 
£2’-£2=£phoooo  ill  oiu  stnichue. 

For  the  photodetector  modeled  here,  there  are  five 
interfaces,  hi  order  to  calculate  the  potential  hi  oiu  system, 
w’e  then  write  the  potentials  of  the  seven  regions  as  the 
followuig: 


®  =  Ae^ 

Ct> 

<j)  ^ 


z<0 
0<Z<di 
di  <  z  <  di 
di  <  z  <  d3 
d3  <  z  <  da 
d4  <  z  <  ds 
z  >d5 


(4) 


Wliere  A.  B.  C,  D.  £.  F.  G,  H.  I.  J  and  K  are  constants.  At 
the  heterouiterfaces  of  the  six  regions,  the  followuig  fw'o 
conditions  liave  to  be  satisfied  [5] : 

0.(Z)  =  <D,(Z)  ... 


ds,  ds-, 
s,  — -  =  s.  — =- 
&  -  dz 

Then  w'e  can  get  the  secular  equation  of  oiu  systeuL 


(6) 


Je' 


Ke 


(7) 


€  € 

WTiere  ‘  is  the  dielectric  fiuiction  of  the  substrate.  ^  is  the 

dielectric  function  of  the  double  quantum  w'ell. 

Sohriig  tliis  equation  yields  the  mterface  phonon 
modes  of  oiu  system. 


a 


As  long  as  we  have  the  inleiiace  i^iooon  modes,  we 
can  then  calculate  the  potential  by  using  the  following 
nonualization  condition: 


2oL^ 


.  I  1  et,M 
'4e2«  da 


dz 


)  (8) 


Substitutmg  the  potentials  into  this  condition,  it 
becomes: 

Hete  we  substimte  the  relationship  between  these 
constants  we  obtamed  from  the  presious  boundary 
conditions  mto  this  condition  we  can  get  an  equation 


Which  has  just  one  unknowii  A.  The  Frohlich  potential  for 
d»  ott 

♦  £fi<2>  - 1) + o’o 

d» 

da  da  L 

tlie  phonon-assisted  tiansitions  follows  straightforwardly 
These  families  interface  LO  plionous  have  faciUtate 
achies  mg  rapid  (ca.  0. 1  ps  as  in  Ref  [6])  resonant  plionon- 
assisted  transitions  between  the  smgle-well  and  double-well 
regions  of  Figures  1-6. 


V.  DISCUSSION 

In  conclusion,  we  base  employed  qiiantiun  engineering  of 
electronic  states  and  phonon  dispersion  conditions  to  engineer 
smgle-well — double-well  pliotodetectoi  lieterostructures  that 
liave  signal-to-noise  ratios  enliaiKed  by  seseral  orders  of 
magmtude  by  using  phonon-assisted  transitions  Using  this 
model,  we  have  idratified  several  different  structures  -  with 


specific  materials,  compositions  —  suitable  as  photodetectors 
incoiporating  phonon-assisted  transitions:  one  based  on 
GaAlA&GaAs  material  system,  one  based  on  InGaA&TnAs 
material  system  and  the  other  one  base  on  InAlAs.1nP  material 
system.  These  designs  bear  similarities  to  phonon-assisted 
quantum  cascade  lasers  (7-9). 

Work  siqiported.  in  part,  under  AFOSR  Grant  FA9550-1 1- 
1-0271 
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Characterization  of  CdS  Nanowires  Self-Assembled 
in  a  Nanoporous  Alumina  Template 

SHRIPRIYA  PODURI,'  MITRA  DUTTA,^-^  *  and  MICHAEL  STROSCIO'-^  '* 

1. — Department  of  Electrical  and  Computer  Engineering.  University  of  Illinois  at  Chicago,  Chi¬ 
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IL  60607,  USA  3. — Department  of  Bioengineering,  University  of  Illinois  at  Chicago,  Chicago, 
IL  60607,  USA.  4. — e-mail:  dutta@uic.edu 

CdS  nanowires  were  self-assembled  in  a  thin  film  (~200  nm)  anodic  aluminum 
oxide  template  on  an  indium  tin  oxide-coated  glass  substrate  via  dc  electro¬ 
deposition.  Raman  spectral  studies  were  done  to  probe  the  vibrational  prop¬ 
erties  of  scattering  CdS  phonons.  Strong  1  longitudinal  optical  (LO),  2  LO,  and 
3  LO  peaks  were  observed  at  302  cm"’,  603  cm*',  and  906  cm*'  having  an 
energy  separation  of  37  meV,  which  is  in  accordance  with  the  CdS  bulk  values. 
The  photoluminescence  spectra  showed  improved  intensity  of  emission  on 
annealing  of  the  CdS  nanowires.  Field-emission  scanning  microscopy  confirms 
the  growth  of  nanowires  of  diameters  ranging  from  10  nm  to  25  nm  for  these 
templates.  These  diameters  agreed  with  those  extracted  from  the  lumines¬ 
cence  emission  energies. 

Key  words:  CdS  nanowire,  longitudinal  optical,  anodic  aluminum  oxide 


INTRODUCTION 

Semiconductor  nanoscale  structures  have  gener¬ 
ated  a  great  deal  of  interest  owing  to  their  strong 
confining  potentials  for  electrons  and  holes  and  the 
associated  quantum  effects.  Semiconductor  nano¬ 
wire  devices  are  being  widely  used  as  sensors,  light- 
emitting  diodes  (LEDs),  photon  emitters,  and 
lasers.'*'  In  order  to  grow  free-standing  nanowire 
arrays  and  to  achieve  standing  nanowire  arrays, 
large  periodic  arrays  of  nanoporous  structures  need 
to  be  fabricated.  Anodic  aluminum  oxide  (AAO) 
templates  are  used  for  growing  nanowires  by  elec¬ 
trochemical  deposition  since  this  nanoporous 
structure  is  uniform  and  has  an  almost  regular 
array  of  nanopores.  The  diameters  of  the  nanopores 
can  be  easily  varied  by  changing  the  experimental 
parameters  of  anodization.  One  of  the  prototypical 
II-IV  semiconductor  compounds,  cadmium  sulfide 
(CdS),  was  selected  because  of  the  possible  use  in 
optical  devices  due  to  its  direct  band  gap  in  the 
visible  spectral  range  and  the  excellent  semicon¬ 
ducting  properties.  Although  there  are  different 
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methods  reported  for  the  synthesis  of  CdS  nano¬ 
wires,  such  as  chemical  vapor  deposition  and  vapor- 
liquid-solid  growth,'*’^  template-based  synthesis  of 
nanowires  via  dc  or  ac  electrodeposition  is  attractive 
due  to  its  low  cost,  and  easy  fabrication  process. 

CdS  nanowires  were  self-assembled  in  an  anodic 
aluminum  template  of  200  nm  thickness  on  indium 
tin  oxide  (ITO)-coated  glass.  In  this  paper,  Raman 
and  photoluminescence  spectral  studies  were  per¬ 
formed  to  probe  the  vibrational  and  electronic  states 
of  the  CdS  nanowires  grown  via  dc  electrodeposit¬ 
ion.  The  topographical  features  of  these  CdS  nano¬ 
wires  were  also  studied  using  field  emission 
scanning  electron  microscopy. 

EXPERIMENTAL  DETAILS 

Commercially  available  ITO-coated  1"  x  1" 
(c.  25  mm  x  25  mm)  glass  substrate  (1  mm  thick) 
were  ultrasonicated  in  acetone  and  isopropanol  to 
clean  the  substrate  to  remove  the  organic  residues, 
followed  by  the  deionized  water  rinse  and  air  gun 
blow  dry.  A  thin  layer  of  aluminum  (~200  nm  thick) 
was  deposited  at  a  rate  of  0.2  nm/s  using  e-beam 
evaporation.  Prior  to  the  deposition  of  aluminum,  an 
interlayer  of  titanium  of  5  nm  thickness  was 
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deposited  between  the  A1  and  ITO.  This  was  to 
prevent  the  poor  connectivity  and  delamination  of 
aluminum  diming  anodization  from  the  ITO-coated 
glass.^“’*'  The  interlayer  of  the  Ti  layer  was  depos¬ 
ited  using  e-beam  evaporation  and  there  was  no 
vacuum  break  between  the  Ti  and  A1  layers.'^  These 
templates  were  anodized  at  a  potential  of  30  V  and 
current  of  0.2  A  to  develop  the  nanopores  in  oxalic 
acid.  The  anodized  template  was  heated  in  a  mix¬ 
ture  of  phosphoric  acid  (5  wt.%)  and  chromic  acid 
(10  wt.%)  at  60“C  to  remove  the  aluminum  oxide 
layer  and  excess  of  aluminum.  Since  the  pores  that 
appeared  during  the  first  anodization  step  were 
poor  and  non-uniform,  the  anodized  template  was 
again  anodized  at  a  potential  of  40  V  and  0.2  A  in 
0.3  M  oxalic  acid  at  2-8°C.  The  nanopores  produced 
in  the  template  were  10-60  nm  in  diameter.  The 
diameters  of  the  pores  were  controlled  by  varying 
the  anodization  parameters  such  as  temperature 
and  also  with  the  pH  of  the  acid  used  according  to 
the  protocol  of  Ref  13. 


After  the  two-step  anodization,  very  uniform 
pores  of  10-60  nm  developed,  but  growth  was 
accompanied  by  a  barrier  layer  of  oxide  at  the 
interface  of  the  A1  and  Al20,3.  This  aluminum  oxide 
harrier  layer  and  non-uniformity  in  harrier  layer 
thickness  causes  some  problems  affecting  the 
growth  and  quality  of  the  nanowires  electrodepos- 
ited  in  the  pores,  resulting  in  much  lower  filling  of 
nanowires  in  these  pores.  The  barrier  layer  can  be 
removed  by  dipping  the  substrate  in  5%  by  weight 
phosphoric  acid  (H3PO4)  for  3-4  min.  The  barrier 
layer  which  is  formed  at  the  bottom  of  the  template 
can  be  removed  by  either  5%  by  weight  phosphoric 
acid  or  dry  etch  with  chlorine-based  gases,^^“'^  but, 
as  shown  in  the  referenced  work,  the  barrier  layer 
can  be  removed  with  the  phosphoric  acid  etch 
without  damaging  the  template. 

It  has  been  reported  that  ac  electrodeposition  in 
an  AAO  template  is  the  most  efficient  process  to 
fabricate  aligned  CdS  nanowires.*®”'®  In  this  paper, 
however,  CdS  nanowires  were  cathodically  depos- 


Fig.  1.  (a)  Top  view,  (b)  side  view  SEM  micrograph  of  CdS  nanowires  of  10-20  nm  in  diameter  before  anneaiing. 


Fig.  2.  (a)  Top  view,  (b)  side  view  SEM  micrograph  of  CdS  nanowires  of  10-20  nm  In  diameter  after  annealing. 


12 


Characterization  of  CdS  Nanowires  Self-Assembled  in  a  Nanoporous  Alumina  Template 


3981 


Fig.  3.  (a)  PL  spectra  of  as  grown  CdS  nanowires  with  peak  at 
506  nm.  (b)  PL  spectra  of  CdS  nanowires  which  were  anneaied  at 
500“C  for  1  h  with  peak  at  514  nm. 


ited  via  dc  electrodeposition.  DC  electrodeposition  of 
CdS  nanowires  is  not  very  commonly  done  for 
samples  with  very  narrow  pore  diameters.*^  How¬ 
ever,  in  our  work,  CdS  nanowires  were  grown  by 
using  a  simple  dc  electrodeposition  process  into  the 
narrow  pores  of  10-60  nm  diameter.  While  it  has 
been  stated  in  Ref.  13  that  DC  electrodeposition  was 
not  an  easy  process  for  growing  nanowires  in  nar¬ 
row  pores,  we  were  able  to  achieve  the  growth  of 
CdS  nano  wires  of  decent  quality.  The  electrolyte  for 
CdS  electrodeposition  was  composed  of  0.055  M 
CdCl2  and  0.19  M  elemental  sulfur,  dissolved  in 
dimethyl  sulfoxide  (DMSO).'^’^®  The  temperature  of 
the  electrolyte  was  maintained  at  120-150°C,  and  a 
constant  current  density  of  15  mA/cm^  was  applied 
for  7-10  s  with  the  deposition  rate  at  25-30  nm/s. 
After  the  electrodeposition,  the  samples  were  rinsed 
in  hot  DMSO  followed  by  acetone  and  deionized 


water  rinse.  The  CdS  nanowires  were  liberated  by 
dissolving  the  AAO  templates  in  1  M  NaOH  solu¬ 
tion  at  room  temperature  for  8  min  after  which  they 
were  completely  dissolved.  These  nanowires  were 
annealed  at  500°C  for  1  h  for  improving  their  crys¬ 
tallinity. 

Field  emission  scanning  electron  microscopy 
(FESEM)  imaging  was  performed  using  a  JEOL 
7500  FESEM  to  study  the  morphology  and  ascertain 
the  growth  of  the  nanowires.  Raman  scattering  and 
photoluminescence  spectral  studies  were  employed 
to  investigate  the  longitudinal  optical  phonon  modes 
and  the  electronic  states  of  the  CdS  nanowires. 

RESULTS  AND  DISCUSSION 

Fabricating  CdS  nanowires  using  an  AAO  tem¬ 
plate  is  a  complicated  procedure  due  to  the  presence 
of  a  barrier  layer  of  aluminum  oxide  which  is  diffi¬ 
cult  to  remove  completely,  thus  causing  non¬ 
uniformities  in  the  growth  of  the  nanowires,  and 
also  the  template  must  be  free  of  cracks  and  de- 
fects.^’*'^®  The  electrodeposition  of  CdS  nanowires 
comprises  three  steps. 

Firstly,  the  elemental  sulfur  in  the  solution  dis¬ 
sociates  into  S^  ions.  Secondly,  the  CdCla  also 
dissociates  into  Cd^''  ions.  Thirdly,  these  S^  ions 
react  with  the  Cd^*  ions  in  the  solution  to  form  CdS 
crystallites  inside  the  nanopores  of  the  template, 
thus  forming  the  nanowires.^^  These  crystallites 
nucleate  on  the  walls  of  pores  initially  forming 
nanotubes,  and  gradually  these  nanotubes  get  filled 
up  with  CdS  crystallites  forming  nanowires. 

The  surface  morphology  of  these  CdS  nanowires 
grown  in  the  AAO  template  were  investigated  using 
the  JEOL  FESEM  after  the  dissolution  of  the  AAO 
template  in  1  M  NaOH  solution  for  5-8  min.  The 
SEM  micrographs  of  CdS  nanowires  before  and 
after  the  annealing  are  shown  in  Figs.  1  and  2, 
respectively,  which  confirms  the  growth  of  nano¬ 
wires  of  average  diameter  of  approximately 
10-25  nm. 

The  photoluminescence  (PL)  of  the  as-grown  CdS 
nanowires  were  investigated  using  a  He-Cd  laser  of 
wavelength  325  nm  for  excitation  at  room  temper¬ 
ature.  The  PL  spectra  for  the  as-grown  CdS  nano¬ 
wires  after  dissolution  of  the  AAO  template  in  1  M 
NaOH  solution  is  shown  in  Fig.  3a  where  there  is  an 
emission  peak  at  506  nm  attributed  to  some  of  the 
CdS  nanowires.  This  emission  is  somewhat  weak. 

However,  after  annealing  in  nitrogen  gas  for  1  h 
at  500°C,  the  emission  became  substantially  stron¬ 
ger  and  broader  and  the  emission  peak  moved  closer 
to  the  bulk  value  of  2.42  eV,  and  the  intensity  of  the 
emission  (the  area  under  the  PL  peak)  also 
increased  by  a  factor  of  4.36  as  shown  in  Fig.  3b. 
The  narrow  peak  at  higher  energy  before  the 
annealing  is  due  to  the  confinement  in  the  few 
narrow  wires  that  are  of  better  quality.  After 
annealing,  the  total  intensity  is  increased  but  the 
line  width  is  broader  and  encompasses  both  narrow 
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and  wider  wires  which  were  likely  not  luminescent 
earlier  due  to  defects  which  were  annealed  out. 
Thus,  after  annealinf;,  the  peak  moved  to  a  lower 
energy  where  the  PL  is  centered  at  the  value  for 
wider  wires.  It  is  also  possible  that  some  of  the 
increased  signal  can  partially  be  from  the  bulk  re¬ 
gion  where  there  are  no  wires,  but  mainly  the 
luminescence  must  still  be  from  nanowires  since  the 
feature  is  broad  and  the  SEM  pictures  show  distinct 
nanowires. 

In  other  work,  however,  after  annealing  the 
sample  at  500°C  for  1  h  in  nitrogen,  the  shifting  of 
the  emission  peak  to  the  higher  wavelength  has 
also  been  observed.^'  This  change  in  luminescence 
emission  indicates  that  the  array  has  a  distribution 
of  nanowire  diameters  and  that  there  are  more 
nanowires  of  different  diameters  becoming 
involved  in  the  emission  process  after  annealing. 
Also,  the  photoluminescence  power  dependence 
was  studied  for  the  identification  of  underlying 
recombination  methods.  PL  was  performed  before 
and  after  annealing  with  different  neutral  density 
filters  (purchased  from  Thorlabs)  to  evaluate  the 
crystal  quality. The  PL  spectral  intensity  for 


various  transmission  laser  power  density  percent¬ 
ages  before  and  after  annealing  is  shown 
in  Fig.  4a,  b,  and  the  plot  for  the  PL  intensity  with 
respect  to  various  transmission  laser  power  density 
percentages  is  in  Fig.  5.  The  plot  of  PL  intensity 
area  under  the  curve  with  respect  to  different 
excitation  power  is  a  near  linear  plot  with  a  posi¬ 
tive  slope  which  improves  in  linearity  on  anneal¬ 
ing,  thus  showing  that  the  recombination  was 
mainly  band  to  band  From  the  plots  one  can  see 
that  there  were  some  defect  states  prior  to 
annealing,  but  after  the  annealing  the  linearity 
with  intensity  improved.  We  thus  see  a  slight  shift 
of  peak  from  506  nm  to  514  nm. 

Assuming  the  nanowires  as  an  infinite  one¬ 
dimensional  quantum  well  of  width  a,  which  is  the 
diameter  of  the  nanowire,  the  excitation  caused  by 
the  325-nm  laser  is  explained  by  Elq.  1'**: 


jjCdS  _  £<«lk 


8m„o* 


(1) 


After  solving  the  equation  with  at  506  nm 
and  514  nm.  as  2.4  eV  and  also  taking  the 
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Fig.  6.  Raman  peaks  observed  at  302  cm~\  603  cm"\  906  cm~^ 
corresponding  to  1LO,  2LO,  and  3LO  of  CdS  narvDwires,  respec- 
tivefy. 


effective  mass  of  CdS  as  reported  in  Ref.  25,  we  get 
the  diameter  of  nanowires  as  7.01  nm  for  those  with 
a  peak  at  506  nm  and  16  nm  for  those  with  a  peak 
at  514  nm,  respectively,  which  is  approximately 
very  close  to  the  actual  diameter  range  (10-25  nm) 
of  the  nanowires,  as  can  be  seen  in  Fig.  2b.  The  very 
simple  model  and  the  likely  depletion  layer  can 
cause  the  calculated  values  to  be  somewhat  smaller 
than  the  actual  observed  nanowire  diameters. 

The  Raman  spectrum  of  these  annealed  CdS 
nanowires  was  recorded  using  an  Ar*  ion  laser  of 
514  nm  wavelength.  The  Raman  characteristics  of 
these  nanowires  before  and  after  annealing  are 
shown  in  Fig.  6.  Raman  peaks  were  observed  at 
302  cm”^,  603  cm”^,  and  906  cm”^  corresponding  to 
the  longitudinal  optical  phonon  (LO)  modes  ILO, 
2LO,  and  3LO,  respectively,  analogous  to  the  peaks 
of  pure  CdS  crystalline  structure.  Strong  ILO, 
2LO,  and  3LO  peaks  were  observed  with  stronger 
peaks  after  annealing. 

CONCLUSION 

To  grow  nanowires  in  na  anoporous  template  is  a 
complicated  procedure  in  a  nanoporous  AAO  thin 
template  of  200  nm  because  of  its  susceptibility  to 
crack  and  its  poor  connectivity  to  the  substrate.  We 
have  employed  a  simple  dc  electrodeposition  proce¬ 
dure  to  self-assemble  CdS  nanowires  in  a  thin  AAO 
template  and  briefly  describing  the  fabrication 
issues  at  each  fabrication  step.  It  is  a  highly 
advantageous  procedure  to  grow  nanowires  in  an 


AAO  template  because  of  its  ability  to  withstand 
high  temperature,  high  reproducibility,  and  easy  to 
fabricate  large  arrays  of  nanowires  of  high  aspect 
ratios.  CdS  nanowires  grown  with  this  method  were 
characterized  using  scanning  electron  microscopy, 
photoluminescence,  and  Raman  spectra  showing 
good  crystallinity  of  CdS  nanowires  before  and  after 
annealing. 
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Abstract:  Cadmium  sulfide  (CdS)  nanowtre  (NW)  anays  were  prepared  using  two  different 
processes:  electrodepositiou  and  vapor  liquid  solid  (\’LS)  growth,  hr  the  first  process,  the 
iiauowtres  were  self  assembled  m  the  anodic  alumina  matrix  (AAM)  template  deposited  on  an 
Indium  Tin  oxide  (ITO)  coated  glass  template  by  dc  electrodepositiou  growth.  On  the  other 
hand,  in  the  second  process,  the  uaiiowhes  were  grown  by  VLS  growth  with  gold  (An) 
uanochisters  acting  as  catalyst  on  ITO  coated  glass  substrate.  Energy  dispersive  X-ray 
spectroscopy  suidies  on  these  iiaiiownes  confimi  the  growth  of  CdS  uauowires  on  these 
substrates.  Photohuninescence  and  Raman  spectral  smdies  were  perfonned  to  smdy  the 
electronic  and  vibrational  properties  of  semiconductor  nanow'hes.  The  photoluminescence 
spectra  show  green  emission  due  to  the  presence  of  CdS  iianownes  and  also  strong  1  LO 
(loiiginiditial  optical).  2  LO  and  3  LO  peaks  were  observed  at  302.  603  and  906  cm'‘  havmg  an 
energy  separation  of  37  meV.  demonstratmg  that  the  CdS  nanowue  had  good  crystalline 
properties. 

lutrodiirtiou: 

Recently,  nanowhes  and  nanorods  of  metallic  and  semiconducting  materials  have  generated  a  lot 
of  interest  because  of  their  tmique  physical  properties  [1].  Nanowhes  have  rwo  quaiinim- 
confined  dimeiisioiis  and  one  unconfined  dimension  due  to  which  these  nanowhes  behave  very 
differently  than  then  brrlk  coirnterpart.  Dire  to  their  high  density  of  electronic  states,  diameter- 
dependent  band  gap.  increased  surface  scattering  of  electrons  and  phonons,  and  higli  aspect  ratio, 
semicoudtrctor  nanowhes  possess  uuiqire  electrical,  optical,  and  chemical  properties  compared  to 
then  bulk  parent  counterparts.  These  iruique  properties  of  uauow'hes  make  them  very  attractive 
for  the  applications  of  electrorric  devices,  optical  devices,  and  sensor  devices  etc  [2-6].  CdS  is  a 
semicondirctiug  material  [7]  with  a  dhect  baud  gap  of  aboirt  2.5  eV  which  makes  it  suitable  for 
many  optoelectronic  devices.  One-dimensional  CdS  uanostrticnnes  are  being  used  for  a  wide 
range  of  applications  such  as  photocondirctor  [8].  solar  cell  [9].  photon  emitters  and  lasers  [10]. 
In  recent  years,  these  optoelectronic  applications  of  CdS  uatrorods  and  tlnu  films  have  generated 
a  lot  of  interest  and  are  w  idely  being  used  owing  to  its  excellerrt  semiconducting  properties. 
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Various  naiiowiie  giomli  methods  like  molecular  beam  epitaxy  (MBE)  [11],  chemical  vapor 
deposition  [12],  and  physical  vapor  deposition  have  been  reported  for  the  fabrication  of  CdS 
nanowires,  but  growing  of  CdS  nanowires  in  porous  template  such  as  anodic  almnma  membrane 
(AAM)  is  attractive  because  of  its  low  cost,  easy  fabrication  process  and  high  tluoughput.  The 
synthesis  of  CdS  nanowires  [13-15].  nanombes  [16-19]  and  quanmm  dots  [20]  on  porous 
alumina  templates  have  been  reported.  It's  best  to  grow  uanowues  in  anodic  alumina  membranes 
(.4AM)  because  of  theh  large  aspect  ratio,  easy  fabrication  and  low  cost.  They  are  dmable  and 
can  withstand  liigh  temperaftires  (up  to  800  or  1000  °  C)  [21].  [22].  The  length  and  diameter  of 
the  pores  can  also  be  controlled  by  changing  the  experimental  conditions  [21-25].  CdS  iianowires 
were  self  assembled  in  an  anodic  alumina  template  of  200  mu  thickness  on  indium  tin  oxide 
(ITO)  coated  glass  by  dc  elechodeposition.  .41so.  CdS  nanowues  were  grown  by  VLS  teclmique 
with  .4u  nanoclusters  as  the  catalyst  on  ITO  coated  glass  substrate.  Energy  dispersive  X-ray 
(EDS)  analysis  was  perfonned  to  ascertain  the  grorvth  of  CdS  nanowiies.  Photolumiuescence 
(PL)  and  Raman  spectral  suidies  were  perfonned  on  these  substrates  to  probe  elechouic  and 
vibrational  properties  of  these  grown  nanowires. 


Expei  iineiital  details: 

The  ITO-coated  r’xl"  glass  substrates  (limn  thick)  were  cleaned  fust  in  acetone  and  then  ui 
isopropanol  by  ultrasonicating  them  for  30  minutes  to  remove  the  organic  residues.  These 
substrates  were  then  rinsed  in  deionized  water  and  dried  in  dry  ah.  .4  thin  layer  of  alumimuii 
(-200  mu  thick)  was  deposited  using  e-beam  evaporation.  Prior  to  the  deposition  of  aluminum, 
an  interlayer  of  titanium  of  5  imi  tliickness  was  gr  own  using  e-beam  evaporation  so  as  to  prevent 
the  poor  coiuiectivity  between  the  ITO  glass  substrate  atrd  the  alutrritrrrru  layer  atrd  it  also 
preverrts  the  delamuratiorr  of  ahmritrrtm  dtuurg  arrodizatiotr  [26.27].  These  templates  were 
anodized  at  40  V  and  0.2  .4  in  0.3  M  oxalic  acid  to  produce  well  arranged  hexagonal  rranopores 
in  the  deposited  ahtrnirrurrr  layer.  To  remove  the  ahmrirrum  oxide  layer  atrd  excess  ahrrrritrrtm. 
the  anodized  terrrplate  was  heated  in  a  mixtrue  of  phosphoric  acid  (5  wt.  %)  atrd  cluomic  acid 
(10  wt.  “b)  at  60  °C.  The  anodized  template  was  again  anodized  at  a  potential  of  40  V  atrd  0.2  .4 
in  0.3  M  oxalic  acid  at  2-8  °C  to  obtain  better  atrd  mriforin  rranopores  because  the  pores  grown 
during  the  first  anodization  step  were  poor  and  tron  unifonrr.  The  rranopores  forirred  after  the  two 
step  anodization  in  the  terrrplate  were  of  10-60  rmr  in  diameter  atrd  were  very  rrtriform.  The  pores 
were  operred  rrp  after  the  two-step  arrodizatiotr.  brrt  also  a  barrier  layer  of  oxide  at  the  interface  of 
the  .41  atrd  .4I2O3  was  formed.  The  ahrmirrrtm  oxide  barrier  layer  and  non-rrrriformity  in  barrier 
layer  thickness  affects  the  growth  atrd  quality  of  the  narrowues  electrodeposited  in  the  pores.  The 
barrier  layer  preverrts  the  fillitrg  of  the  CdS  natrowmes  in  the  uatropores:  hence  this  barrier  layer 
has  to  be  removed.  It  can  be  removed  by  irmirersurg  the  srrbstrate  in  0.1  M  phosphoric  acid 
(H3PO4)  for  30-40  rrrirrrrtes.  Orrr  CdS  trarrowires  W'ere  growrr  via  dc  electrodepositiorr  hr  AAM 
template  on  ITO  coated  glass  substrate.  The  electrolyte  used  for  CdS  electrodepositiorr  was  0.055 
M  CdCb  arrd  0.19  M  efemeutal  sulftu.  dissolved  in  dirrrethyl  sitlfoxide  (DMSO)  [15.  16].  The 
temperantre  of  the  electrolyte  was  trrairrtaiued  at  120-150  °C  and  a  corrstaut  crurerrt  density  of  2.5 
tuA  crrr^  was  applied  for  7-10  s  with  the  deposition  rate  at  25-30  turr's.  .4fter  the 
elechodeposition.  the  satrrples  were  rinsed  in  hot  DMSO  follow'ed  by  acetone  atrd  deiorrized 
water  ritrse.  The  CdS  nanowues  were  liberated  by  dissolving  the  AAO  templates  in  1  M  NaOH 
sohrtion  at  room  temperahue  for  8  rrrin.  However,  after  the  nvo-step  arrodizatiotr.  very  unifonrr 
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pores  of  10-60  urn  appeared  but  it  also  grew  with  a  banier  layer  of  oxide  at  the  interface  of  the 
A1  and  AI2O3.  This  aluminum  oxide  banier  layer  and  nou-imiformity  m  banier  layer  thickness 
causes  some  problems  such  as  affecting  the  grorvth  and  quality'  of  the  iianowires  electrodeposited 
in  the  pores  resulting  in  very  little  filling  of  nanowires  in  these  pores.  The  barrier  layer  can  be 
removed  by  dipping  the  substrate  in  O.IM  phosphoric  acid  (H3PO4)  for  30-40  minutes,  hr  this 
paper.  CdS  uanowues  are  cathodically  deposited  via  dc  electrodepositiou.  The  electrolyte  used 
for  CdS  electrodepositiou  was  0.055  M  CdCh  and  0.19  M  elemental  sulfiu'.  dissolved  m 
dimethyl  sulfoxide  (DMSO)  [28.  29].  The  temperatiue  of  the  electrolyte  was  uiamtaiiied  at  120- 
150  °C  and  a  constant  cunent  density  of  2.5  niA  cm^was  applied  for  7-10  s  with  the  deposition 
rate  at  25-30  nm's  [26].  After  the  electrodepositiou.  the  samples  were  rinsed  in  hot  DMSO 
followed  by  acetorre  atrd  deionized  water  riirse.  The  CdS  uarrowues  were  liberated  by  dissolving 
the  .4AO  teirrplates  in  1  M  NaOH  solution  at  rootrr  teirrperatme  for  8  trriu  to  be  completely 
dissolved. 

Additioirally.  CdS  iratrowhes  were  growrr  irsiirg  VLS  teclmiqire  with  sputtered  Art  uairochrsters 
as  catalyst.  For  VLS  growth  of  nairowires.  the  ITO  coated  glass  sirbstrate  were  cleaned  by  soap 
water  and  then  ultrasonicating  tlrerrr  in  acetorre  for  30  rrrin  followed  by  arrother  30  irrin 
ultrasorricatiorr  hr  isoproparrol  and  dried  in  rritrogen.  Gold  of  5  mu  thickrress  was  sputtered  on 
these  cleatred  ITO  glass  sirbstrate  to  catalyze  the  groi\1h  of  nairowires.  The  CdS  irairowues  were 
syirthesized  in  a  qiraitz  mbe  fiuiiace  with  dual  zone  fiimace  heating  mstiimreut.  CdS  powder 
(-0.8  g.  99.999“o  pme.  piuchased  from  Sigma  Aldrich)  was  placed  in  oire  heating  zorre  aird  the 
ITO  glass  substrate  with  the  sputtered  gold  uairochrsters  in  the  second  heatmg  zone.  55o 
hydrogen  was  used  as  the  transport  gas  with  a  flow  rate  of  1 00  seem.  The  soiuce  and  sample 
were  heated  to  900  and  580  °C.  respectively  for  I  h. 

Firrally.  Field  emission  scaiming  electron  microscopy  imaging  was  done  itsurg  JEOL  7500 
FESEM  to  smdy  the  moiphology  and  asceitaiu  the  growth  of  uanowues.  Raman  scattering  atrd 
photohruriuescence  spectral  sntdies  w'ere  employed  to  investigate  the  lougintdiiral  optical  phonon 
modes  and  the  electronic  states  of  the  CdS  nairowires. 

Results  and  Discussion: 

Growirrg  CdS  uarrow'ues  in  an  AAM  template  is  a  difficult  procedine  due  to  the  presence  of  a 
banier  layer  of  aluminum  oxide  W'liich  is  difficult  to  etch  out  completely',  thus  causing  non 
uniformities  hr  the  grow'th  of  uaiiowues  and  also  the  template  should  be  fiee  of  cracks  and 
defects  [30.  31].  The  elemental  stilfiu'  and  CdCb  in  the  solution  dissociates  into  S"’  ions  and  Cd""^ 
ions  respectively.  These  S^'  ions  react  with  Cd"^  ions  to  fonu  CdS  ciystallites  mside  the 
uaiiopores  of  the  template,  thus  fomring  the  iiaiiowires  [32].  These  ciystallites  nucleate  011  the 
walls  of  pores  and  gradually  these  pores  get  filled  up  with  CdS  crystallites  fomiiiig  iianow'ires 
[33].  The  SEM  images  of  the  CdS  iiauow'ues  grow'ti  after  dc  electrodepositiou  is  shown  in  Figure 
l.Tlie  diameter  of  the  nairowires  grown  were  approximately  10-25  imr. 
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(a)  (b) 

Figure  1 :  (a)  top  view  (b)  side  view  SEM  micrograph  of  CdS  iiaiiowires  of  10-20  mu  iu  diameter 
after  aimealing. 

Energy  Dispersive  X-ray  Spectroscopy  EDS  suidies  were  done  on  these  electrodeposited  CdS 
uanowires  and  the  results  are  shown  iu  Figure  2. 


Figiue  2;  EDS  of  the  CdS  uanowires  grown  by  electrodepositiou. 

Peaks  of  Cd  and  S  in  Figiue  2  coiifinu  the  growth  of  CdS  nauowues.  Also,  there  were  peaks  of 
iiidimu  (hi),  oxygen  (O).  silicon  (Si)  due  to  the  FTO  coated  glass  substrate.  Aluminum  (Al)  was 
also  detected  because  there  were  some  traces  of  alumiiium  left  after  the  dissolution  of  alumina 
template  m  NaOH  solution. 

Fiutheimore.  CdS  nauowues  were  also  grown  using  \TS  growth  mechanism.  The  ITO  coated 
glass  substrates  were  cleaned  and  sputtered  with  5  um  of  thickness  of  gold  which  selves  as  a 
catalyst  for  the  growth  of  iiaiiowiie.  CdS  uanowires  were  grown  iu  dual  zone  mbe  ftuiiace  having 
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CdS  powder  (-Ig.  99.9%  Sigma  Aldrich)  as  somce  in  one  zone  at  900  °C  and  the  ITO  coated 
glass  with  gold  nanoclusters  in  the  second  zone  at  580  °C  for  one  hom  and  transport  gas  was  5% 
hydrogen  with  95®  o  argon,  hr  the  case  of  VLS  growth,  a  small  metal  particle  like  An  which  acts 
as  a  catalyst  is  deposited  on  the  substrate  arrd  this  forirrs  a  liquid/solid  interface  otr  heating.  CdS 
vapor  errters  the  liquid  rrretal  particle  allowmg  it  to  become  supersahrrated  resultmg  in  CdS 
precipitation  underneath  the  particle  arrd  thus  formmg  a  uatrowue.  The  SEM  images  of  these 
CdS  uarrowires  by  \'LS  growth  is  shown  in  Figrrre  3. 


Figme  3;  SEM  itrrages  after  the  VFS  growth  of  CdS  nanowues. 

To  krrow  the  elemerrtal  composition  of  these  samples  Energy  Dispersive  X-ray  Spectroscopy 
(EDS)  were  performed.  The  EDS  result  for  the  \’LS  grown  rrarrowires  are  shown  in  Figure  4. 
Figure  4  shows  that  the  Cd.  S  are  preserrt  hr  the  satrrple  confumiug  the  growth  of  CdS  uarrowhes 
In  arrd  O  are  due  to  the  ITO  coating  on  the  glass.  Si  is  probably  present  becarrse  of  the  glass 
substrate. 
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Figure  4:  EDS  result  for  \XS  grown  CdS  rrauowues. 
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Fmtlier  studies  like  photolumiuesceiice  and  Raman  spectral  studies  were  done  to  probe  the 
electronic  and  optical  properties  of  these  nanowires.  The  photoluminescence  characteristics  of 
the  grown  CdS  nanowires  were  investigated  using  a  He-Cd  laser  of  wavelength  325  mu  for 
excitation  at  room  temperanue.  The  PL  spectroscopy  was  perfonned  on  the  electrodeposited  CdS 
nanowires  after  dissolution  of  the  AAO  template  in  1  M  NaOH  solution.  The  PL  emission  peak 
was  obseived  at  506  mu  (2.45  eV)  for  electrodeposited  CdS  uauowues  and  the  peak  for  \XS 
grown  uaiiowires  was  at  510  mn  (2.43  eV)  as  shown  in  Figure  5  (a)  and  5(b)  respectively.  The 
lummesceuce  spectrum  shows  a  strong  green  emission. 


(a) 


(b) 


Figure  5:  (a)  PL  spectra  for  electrodeposited  CdS  uauowires  with  peak  at  506  mu  (b)  PL  spectra 
for  VLS  growl  uauowires  with  peak  at  510  mu. 


The  Raman  spectnuus  were  recorded  using  Ar^  ion  laser  of  514  mn  wavelength  of  these  CdS 
uauowires.  The  Raman  characteristics  of  these  uauowires  for  VLS  and  electrodeposited 
nanowires  are  shown  in  Figure  6.  Raman  peaks  were  obseiwed  at  302  cut\  603  cm  '  and  906  cm’ 
'  conespoudiug  to  the  longitudinal  optical  phonon  (LO)  modes  ILO.  2LO  and  3LO. 
respectively,  analogous  to  the  peaks  of  pme  CdS  crystalline  stmcnue  [12.34]. 
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Figme  6:  Raman  spectra  of  (a)  electrodeposited  CdS  uauowues  (b)  VLS  giowm  uauowues. 
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Strong  ILO.  2LO  and  3LO  peaks  and  the  pliotolmiiiiiesceuce  emission  obseit'ed  were  in 
accordance  with  the  phonons  and  the  electronic  band  stmctiire  of  the  CdS  material. 

Conclusion: 

CdS  nanowires  were  grown  usmg  \’LS  growth  and  dc  electrodeposition  mechanism.  It  has  been 
reported  that  the  growth  of  CdS  nanowu  es  in  porous  alumina  template  via  ac  electrodepositioii  is 
the  most  efficient  process  due  to  the  presence  of  baiirer  layer  which  cannot  be  completely 
removed.  However  we  have  employed  dc  electtodepositiou  for  growing  iiaiiowiies  in  a  thin  film 
(--200  mu  thickness)  of  porous  alumina  template  which  is  a  quite  difficult  due  to  the  thin  film's 
susceptibility  to  crack  and  the  poor  comiectivity  to  the  ITO  coated  glass  substrate.  CdS 
nanowires  were  also  grown  using  \XS  giowth  mechanism  to  compare  the  results  with  the 
electrodepositioii  growh  of  CdS  nanowues  in  a  template.  The  Raman  and  huiiinescence 
spectmm  of  the  CdS  nanowires  grown  by  electrodepositioii  and  \'LS  mechanism  show  good 
ciystallinity  of  CdS  nanowues. 
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The  effect  of  the  Ar  plasma  during  metal  deposition  on  the  photoluminescence 
(PL)  of  metal-coated  ZnO  nanowires  (NWs)  has  heen  investigated.  Strong 
enhancement  of  near-band-edge  emission  (NBE)  is  observed  for  ZnO  NWs 
coated  with  A1  and  Ni  nanoparticles  (NPs)  by  radiofrequency  magnetron 
sputtering,  while  the  samples  coated  with  NPs  by  e-beam  evaporation  show 
quenching  of  the  PL  intensity.  A  model  is  proposed  that  satisfies  the  observed 
experimental  results  and  assigns  the  strong  enhancement  of  the  NBE  PL  of 
ZnO  NWs  to  excitons  bound  to  structural  defects  in  the  surface  layer  of  the 
ZnO  NWs. 

Key  words:  Photoluminescence,  zinc  oxide  nanowires,  surface  traps, 
sputtering 


INTRODUCTION 

Zinc  oxide  (ZnO)  is  a  II-VI  compound  semicon¬ 
ductor  with  a  wide  direct  bandgap  (3.37  eV),  large 
exciton  binding  energy  (60  meV),  and  stable  ther¬ 
mal  and  mechanical  properties,  making  it  a  prom¬ 
ising  candidate  for  optoelectronic  applications  such 
as  short-wavelenrth  semiconductor  lasers  and  light- 
emitting  diodes.’-^  ZnO  nanowires  (NWs)  have 
additional  functionality  arising  from  their  size 
which  allows  for  further  flexibility  in  bandgap 
engineering.  Since  ZnO  NWs  have  weak  near-band- 
edge  emission  (NBE),  numerous  studies  have  been 
carried  out  to  enhance  the  NBE  and  photolumines¬ 
cence  (PL)  efficiency  of  ZnO  NWs.  Different  methods 
such  as  polymer  coating  of  ZnO  NWs"*’®  and  hydro¬ 
gen  plasma  treatment*’  are  seen  to  boost  the  NBE 
and  PL  efficiency  of  ZnO  NWs.  Recently,  the  effect 
of  metallic  nanoparticles  (NPs)  on  the  PL  properties 
of  ZnO  NWs  has  been  the  focus  of  much  research.**’^ 
In  most  studies  an  enhancement  of  NBE  was 
observed  and  the  results  were  interpreted  in  terms 
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of  surface  plasmons,®  unintentional  hydrogen 
incorporation,**  and  the  nature  of  the  contact  formed 
between  the  metal  and  ZnO  NWs.’  In  this  work  we 
investigated  the  effect  of  the  presence  of  Ar  plasma 
during  metallic  NP  deposition  on  the  PL  intensity  of 
ZnO  NWs.  A  strong  enhancement  of  the  NBE  and  a 
relative  reduction  of  visible  emission  from  the  gap 
are  seen  for  ZnO  NWs  on  which  metallic  NPs  were 
sputtered.  By  considering  the  nature  of  the  contact 
formed  between  the  ZnO  NWs  and  metallic  NPs,  the 
concentration  of  ambient  hydrogen  during  metal 
sputtering,  and  comparison  of  the  PL  intensities 
from  ZnO  NWs  with  NPs  deposited  by  sputtering 
versus  e-beam  evaporation,  a  model  is  proposed  that 
satisfies  the  observed  strong  enhancement  of  NBE 
and  related  reduction  of  the  visible  peak. 

EXI^ERIMENTAL  PROCEDURES 

ZnO  NWs  were  grown  by  the  vapor-liquid-solid 
method  in  a  horizontal  quartz  tube  at  atmospheric 
pressure  on  n-type,  100-plane  silicon  wafer  as  sub¬ 
strate.  Previously,  the  substrates  were  cleaned 
using  acetone  and  dried  in  a  nitrogen  stream,  then 
coated  with  a  3-nm  layer  of  gold  thin  film  using 
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e-beam  evaporation.  ZnO  powder  (99.99%;  Sigma- 
Aldrich  (Company,  USA)  mixed  with  graphite  (powder 
<20  pm;  Sigma-Aldrich  Company,  USA)  at  weight 
ratio  of  1:1  was  used  to  carry  out  the  carbothermal 
reaction  process.  The  coated  substrates  and  ceramic 
boat  with  the  ZnO  and  graphite  powders  were  placed 
in  the  middle  of  a  2-inch  quartz  tube.  The  system  was 
heated  to  900°C  to  910°C  with  a  constant  (350  seem) 
flow  of  Ar  for  30  min  to  50  min,  then  cooled  down  to 
room  temperature.  The  grown  ZnO  NWs  were  char¬ 
acterized  using  a  variable-pressure  Hitachi  S-3(X)0N 
scanning  electron  microscope  (SEM)  and  x-ray  pho¬ 
toelectron  spectroscopy  (XPS).  Figure  la  shows  SEM 
images  of  as-grown  ZnO  NWs  with  average  length  of 
about  20  pm  and  diameter  in  the  range  of  50  run  to 
200  nm.  Aluminum  (Al)  and  nickel  (Ni)  metal  NPs 
were  deposited  on  the  ZnO  NWs  using  a  radiofre¬ 
quency  (RF)  magnetron  system  with  the  correspond¬ 
ing  metal  target  at  room  temperature.  A  schematic 
diagram  of  the  RF  magnetron  system  used  for  deco¬ 
rating  the  ZnO  NWs  is  shown  in  Fig.  2.  For  all  sam¬ 
ples,  before  starting  the  plasma  and  metal  deposition, 
the  experimental  chamber  was  pumped  down  to  a 
high  vacuum  (~10'®  Torr)  and  the  sputtering  process 
was  carried  out  under  a  constant  (45  seem)  flow  of 
ultrapure  Ar  at  power  of  1(X)  W.  XPS  spectra  of 
as-grown  ZnO  NWs  and  coated  ZnO  NWs  measured 


using  a  Kratos  AXIS- 165  spectrometer  are  shown  in 
Fig.  lb.  Transmission  electron  microscopy  ITEM) 
images  of  as-grown  ZnO  NWs  and  of  ZnO  NWs  coated 
with  Al  NPs  are  shown  in  Fig.  Ic  and  d.  As  seen  in 
Fig.  Id,  the  metEillic  NPs  have  an  island-like  mor¬ 
phology  consisting  of  a  network  of  sputtered  metallic 
NPs  on  the  surface  of  ZnO  NW.  Room-temperature  PL 
was  excited  using  a  325-nm  HeCd  laser,  and  the  PL 
emission  was  collected  using  an  Acton  25001  spec¬ 
trometer.  Low-temperature  PL  measurements  were 
performed  in  a  closed-cycle  helium  cryostat  at  8.5  K. 

RESULTS  AND  DISCUSSION 

Room-temperature  PL  spectra  of  as-grown  ZnO 
NWs  and  of  those  coated  with  RF  magnetron  sput¬ 
tered  Al  and  Ni  NPs  are  compared  in  Fig.  3a,  b.  The 
contacts  between  the  semiconductor  and  metal  will 
induce  bending  of  the  energy  band  of  the  semicon¬ 
ductor  at  the  interface.  It  is  also  well  known  that  the 
PL  spectra  of  ZnO  NWs  mainly  reflect  their  energy 
band  information  at  the  NW  surface.  Hence,  it  is 
anticipated  that  the  type  of  jimction  between  the 
deposited  metals  and  the  ZnO  NWs  will  result  in  a 
change  of  their  PL  properties.’  Strong  enhancement 
of  NBE  is  seen  for  both  ZnO  NWs  decorated  with  Al 
and  Ni  NPs.  Since  the  junction  between  ZnO  NW 


Fig.  1.  (a)  SEM  Image  of  as-grown  ZnO  NWs.  (b)  XPS  spectra  of  as-grown  ZnO  NWs  (red),  Ni-coated  ZnO  NWs  (blue),  and  Al-coated  ZnO  NWs 
(black),  (c)  TEM  images  of  as-grown  ZnO  NW  and  (d)  Al-coated  ZnO  NW  (Color  figure  online). 
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Fig.  2.  Schematic  diagram  of  the  RF  magnetron  system. 


and  A1  is  an  ohmic  contact  and  the  junction  between 
the  Ni  and  ZnO  NW  is  a  Schottky  contact,’  the 
experimental  results  shown  in  Fig.  3a,  b  demon¬ 
strate  that  this  strong  enhancement  of  NBE  is  not 
mainly  due  to  the  natime  of  the  contact  formed 
between  the  metallic  NPs  and  ZnO  NWs.  However, 
the  type  of  contact  formed  between  the  ZnO  and 
metallic  NPs  may  have  a  small  effect  as  a  higher 
enhancement  ratio  of  NBE  is  seen  in  the  case  of  ZnO 
NWs  decorated  with  A1  NPs. 

In  addition  to  the  increase  in  intensity  of  the  NBE 
peak,  we  also  see  a  related  reduction  of  the  visible 
peak,  as  shown  in  Fig.  3a,  b.  The  room-temperature 
and  low-temperatime  (8.5  K)  PL  spectra  of  as-grown 
ZnO  and  after  sputtering  with  A1  NPs  for  a  shorter 
sputtering  time  (90  s)  are  presented  in  Fig.  4a,  b, 
where  the  first  emission  peak  in  Fig.  4b  can  be 
assigned  to  the  free  exciton  (FX)  at  367.6  nm 
(3.372  eV)'*’’®  and  the  second  peak  at  368.5  nm 
(3.364  eV)  is  due  to  the  surface-excitonic  emission 
band  (SX).’®  On  the  low-energy  side,  contributions 
from  the  recombination  of  excitons  bound  to  neutral 
donors  (DX)  are  observed  at  3.69  nm  (3.359  eV)’® 
and  defects  located  in  the  NWs  (A-line)  give  rise  to  a 
PL  peak  at  373.5  nm  (3.319  eV).  Finally,  the  PL 
peak  located  at  382.45  nm  (3.242  eV)  comes  from 
the  first-order  longitudinal  phonon  replica  of 
A-hne.’’’’  As  presented  in  Fig.  4b,  the  strong 
enhancement  of  NBE  is  mostly  related  to  SX  peak 
enhancement.  Temperature-dependent  PL  spectra 
of  as-grown  ZnO  NWs  and  Al-sputtered  NWs  are 
shown  in  Fig.  4c  and  d,  and  the  inset  figure  shows 
the  peak  energy  versus  temperature.  The  PL  tran¬ 
sitions  are  dominated  by  excitons  bound  to  neutral 
donors  at  low  temperatures,  with  a  very  small  free 
exciton  peak  visible.  As  tbe  temperature  increases, 
the  free  exciton  thermalizes  and  cannot  be  seen  at 


Fig.  3.  (a)  Room-temperatupe  PL  spectrum  of  as-grown  ZnO  NWs 
(red)  and  PL  spectrum  of  ZnO  NWs  coated  with  Al  NPs  for  120  s 
(black),  (b)  Room-temperature  PL  spectrum  of  as-grown  ZnO  NWs 
(red)  and  PL  spectrum  of  ZnO  NWs  coated  with  Ni  NPs  for  120  s 
(black)  (Color  figure  online). 


higher  temperature.  It  can  be  observed  that  all 
peaks  systematically  shift  to  lower  energy  with 
increasing  temperature.  The  temperature  depen¬ 
dence  of  the  PL  intensity  can  be  expressed  by  the 
Arrhenius  expression:’^ 


I(T)  = 


h 

1  +Aexp(jj^) 


(1) 


where  A£  is  the  activation  energy  of  the  thermal 
quenching  process,  is  the  Boltzmann  constant,  lo 
is  the  emission  intensity  at  0  K,  T  is  the  thermo¬ 
dynamic  temperature,  and  A  is  a  constant.  The 
dependence  of  the  integrated  PL  intensity  of  the 
ultraviolet  (UV)  band  on  temperature  is  shown  in 
Fig.  4e.  By  fitting  the  PL  spectra  using  the  Arrhe¬ 
nius  expression,  the  activation  energy  of  SX  was 
obtained  as  17.32  meV  for  as-grown  ZnO  NWs  and 
14.47  meV  for  ZnO  NWs  decorated  with  sputtered 
metallic  NPs,  in  reasonable  agreement  with 
reported  values.’®’’® 
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Fig.  4.  (a)  Floom-temperature  PL  spectra  of  as-grown  ZnO  NWs  and  Al-sputtered  (90  s)  ZnO  NWs.  (b)  PL  spectra  ol  as-grown  ZnO  NWs  and 
Al-sputtered  NWs  at  8.5  K.  Temperature-dependent  PL  spectra  (near-UV  region)  of  (c)  as-grown  ZnO  NWs  and  (d)  Al-sputtered  ZnO  NWs; 
insets  show  SX  peak  energy  versus  temperature,  (e)  Integrated  Intensity  of  the  neutral  donor-bound  excKon  of  ZnO  NWs  as  a  functton  of 
temperature  with  theoretical  fitting  cun/e. 


To  investigate  the  effect  of  metallic  NPs  unex¬ 
posed  to  Ar  plasma,  the  PL  from  ZnO  NWs  coated 
with  e-beam-evaporated  A1  NPs  was  studied.  The 
PL  spectra  of  ZnO  NWs  before  and  after  e-beam  A1 
evaporation  for  different  deposition  times  are  illus¬ 
trated  in  Fig.  5,  showing  quenching  of  the  NBE 
which  may  be  due  to  the  formation  of  metal-induced 
gap  states  on  the  NW  surface  layer.'"* 

It  has  been  reported  that,  when  ZnO  NWs  are 
coated  with  a  thin  layer  of  metal,  a  large  number 
of  additional  states  within  the  bandgap  will  be 
introduced.'*  These  additional  defects  in  the 


surface  region  will  result  in  a  higher  trapping  rate 
of  electrons,  therefore  reducing  the  rate  of  excitonic 
recombination  in  the  surface  layer.  As  seen  in 
Fig.  5,  e-beam-evaporated  A1  thin  film  on  ZnO 
NWs  resulted  in  a  relative  quenching  of  the  NBE 
peak.'"* 

In  the  case  of  one-dimensional  systems  such  as 
ZnO  NWs,  where  the  ratio  of  surface  area  to  volume 
is  high,  surface  defects,  near-surface  traps,  and 
surface-adsorbed  species  such  as  O2  molecules  and 
OH*  offer  alternative  pathways  for  deexcitation  of 
photoexcited  carriers  and  play  a  significant  role  in 
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Fig.  5.  Room-temperature  PL  spectra  of  as-grown  ZnO  NWs  (red) 
and  ZnO  N\A/s  coated  with  Ai  Nft  by  e-beam  evaporation  (biack)  for 
different  evaporation  times:  (a)  60  s  and  (b)  120  s  (Color  figure  oniine). 


the  carrier  relaxation  dynamics.^®’^®  Typically,  the 
O2  molecule,  one  of  the  most  common  adsorbates  on 
the  surface  of  ZnO  NWs,  undergoes  chemisorption 
onto  the  NW  surface  by  capturing  a  free  electron 
from  the  n-type  ZnO  in  an  oxidizing  ambient  as 
shown  in  Eq. 

02(g)  +  e  =  O2  (ad)  (2) 

It  is  well  known  that  intrinsic  defects  such  as 
morgen  vacancies  in  as-grown  ZnO  NWs  can  be 
reduced  by  O2  or  Ar  annealing,  resulting  in  a  rela¬ 
tive  quenching  of  the  visible  emission  peak  whereas 
the  NBE  peak  is  not  changed  in  O2-  or  Ar-annealed 
ZnO  NWs.^®’^*’  However,  the  focus  of  this  study  is 
the  reduction  of  surface  defects  and  traps  not 
intrinsic  defects. 

At  the  growth  temperature  of  9(X)°C  and  atmo¬ 
spheric  pressure,  a  major  part  of  the  species 
adsorbed  on  the  surface  of  ZnO  NWs  will  be  OJ , 
which  acts  as  a  surface  trap.  Upon  illumination, 
some  photoexcited  carriers  will  migrate  to  these 
surface  traps.  As  shown  in  Fig.  6,  a  part  of  the 


Giiiuiid  State 


Fig.  6.  (a)  Schematic  diagram  of  the  band  bending  of  ZnO  NWs. 
(b)  Corresponding  phenomenological  model  of  the  trapping  pathways. 


photoexcited  holes  are  trapped  by  the  adsorbed 
oxygen  species  on  the  NW  surface'®  and  other 
photoexcited  carriers  are  trapped  by  point  defects 
such  as  oxygen  vacancies  and  are  believed  to  be  the 
origin  of  the  visible  emission  peak  in  the  PL  spec¬ 
trum  of  ZnO  NWs.'®  It  is  well  known  that  the  PL 
emission  band  at  about  3.367  eV  has  its  origin  in  the 
surface  region  of  ZnO  NWs, and  with  decreasing 
wire  diameter  its  relative  contribution  to  the  NBE 
increases  continuously.'®  Hence,  fewer  screened 
surface  trapping  sites  lead  to  a  lower  density  of 
separated  electrons  and  holes  in  the  surface  region, 
which  results  in  a  higher  density  of  excitons  near 
the  NW  surface.  So,  surface  cleaning  of  ZnO  NWs 
from  the  trapping  sites  results  in  an  increase  of  the 
SX  band  intensity.®  The  relative  reduction  of  visible 
emission  seen  in  ZnO  NWs  decorated  with  sputtered 
metallic  NPs  can  also  be  attributed  to  the  trapping 
sites  at  the  NW  surface. 

Oxygen  vacancies  are  believed  to  be  the  origin  of 
the  visible  emission  peak  in  the  PL  spectrum  of  ZnO 
NWs,'®  and  the  mechanism  of  the  visible  emission 
peak  with  a  maximum  at  2.45  eV  originates  from 
single  positively  charged  oxygen  vacancies  (Vq) 
located  within  the  ZnO  NW.  Three  different  types  of 
oxygen  vacancy  can  occur  in  ZnO  NWs:  doubly 
ionized  oxygen  vacancies  VcT,  singly  ionized  oxygen 
vacancies  Vo,  and  neutral  oxygen  vacancies  Vo,  as 
shown  in  Fig.  6b.'®  These  vacancies  need  to  be 
activated  by  a  hole.  So,  the  activation  process 
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requires  photoexcited  holes  which  are  trapped  at 
the  surface.  Then,  the  holes  may  timnel  into  the 
deep-level  defects  to  create  optically  active  oxygen 
vacancies.®  This  model  is  based  on  the  assumption 
that  surface-related  processes  are  dominant  for  ZnO 
NWs.®  Trapping  sites  such  as  0~  or  OH 

located  at  the  NW  surface  lead  to  separation  of 
electron-hole  pairs  in  this  region.  Then,  the  holes 
will  be  captured  at  the  surface  traps.  By  cleaning 
the  surface  of  ZnO  NWs  from  trapping  sites,  fewer 
holes  are  able  to  be  captured  at  surface  traps,  which 
quenches  the  visible  emission  peak.® 

The  experimental  results  demonstrate  that  deco¬ 
rating  ZnO  NWs  with  metal  NPs  in  the  presence  of 
high-energy  Ar  atoms  cleans  the  surface  of  ZnO 
NWs  from  near-surface  traps  and  surface-adsorbed 
species,  thus  leading  to  strong  enhancement  of  NBE 
and  a  relative  reduction  of  the  visible  peak.  Com¬ 
parison  of  the  room-temperature  PL  spectra  shown 
in  Figs.  3a  and  4a  also  shows  that  increasing  the 
sputtering  time  can  lead  to  better  surface  cleaning 
and  therefore  stronger  enhancement  of  NBE. 

It  has  also  been  reported  that  hydrogen  atoms  can  act 
as  shallow  donors  and  occupy  interstitial  sites  in  addi¬ 
tion  to  0}^gen  vacancies,  which  can  result  in  enhance¬ 
ment  of  NBE  and  quenching  of  the  visible  emission 
peak.®'^'  However,  since  the  metal  deposition  was 
performed  in  high  vacuum  (10  ®  Torr)  before  starting 
the  plasma,  and  ultrapure  Ar  was  used,  it  is  expected 
that  the  presence  of  hydrogen  is  negligible  during  the 
sputtering  process  and  the  strong  enhancement  of  the 
NBE  and  quenching  of  the  visible  peak  cannot  be 
because  of  hydrogen  incorporation. 

CONCLUSIONS 

Room-  and  low-temperature  PL  spectra  of 
as-grown  ZnO  NWs  and  those  coated  with  metallic 
NPs  using  different  deposition  methods  were 
investigated.  It  was  shown  that  the  PL  spectra  of 
ZnO  NWs  coated  with  sputtered  metallic  NPs 
demonstrate  strong  enhancement  of  the  NBE  peak 
and  a  relative  reduction  of  the  visible  peak.  Effects 
of  the  type  of  contact  formed  between  the  metallic 
NPs  and  ZnO  NWs  and  unintentional  hydrogen 
incorporation  have  been  investigated.  The  observed 


experimental  results  reveal  that  decorating  ZnO 
NWs  with  metal  NPs  in  the  presence  of  high-energy 
Ar  atoms  can  decrease  nonradiative  relaxation 
pathways  and  lead  to  strong  enhancement  of  NBE 
and  a  relative  reduction  of  the  visible  peak. 
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This  paper  presents  an  analytical  displacements  and  dispersion 
relations  for  optical  phonons  of  a  graphene  sheet.  These  results  are 
used  to  derive  the  optical  deformation  potential  interactions  for 
graphene  as  well  as  to  obtain  descriptions  of  the  confined  optical 
phonons  for  graphene. 
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1.  Introduction 

Graphene  has  attracted  a  great  deal  of  attention  since  it  was  first  successfully  made  by 
Geim  [1,2]  for  its  unique  electronic,  magnetic  and  thermal  properties  [3-8],  Carrier-phonon 
scattering  will  affect  the  electrical  properties  of  graphene,  such  as  resistivity  and  Fermi  level 
shift  [9-13],  It  is  important  to  study  both  the  acoustic  and  optical  phonons  in  graphene. 
Phonon  dispersion  has  been  studied  by  Raman  and  neutron  scattering  in  graphite  [14-16]  and 
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Abstract  For  a  graphene  sheet  with  confining  structures  in 
the  orthogonal  directions  of  zigzag-  and  armchair-edge,  the 
confined  carrier  states  arc  determined.  These  wavefunctions 
and  eigenvalues  are  used  to  study  carrier-longitudinal  op¬ 
tical  (LO)-phonon  interactions  in  these  graphene  quantum 
dots.  The  optical  deformation  potential  is  derived  for  these 
graphene  quantum  dots  as  the  basis  for  the  study  of  these 
carrier-LO-phonon  interactiixis.  Phonon  bottleneck  effects 
are  identified  and  the  Fermi  golden  rule  transition  rates  are 
formulated. 

Key  words  Graphene  •  Quantum  dots  •  Confined  phonons 


1  Introduction 

Graphene  [I,  2].  a  plane  of  sp- -bonded  carbon  atoms  ar¬ 
ranged  in  honeycomb  lattices,  has  attracted  vast  attention 
for  its  unique  electronic  properties  |.3-7].  The  nanostruc¬ 
tures  based  on  graphene,  such  as  nanoribbons  [4,  8-10]  and 
quantum  dots  [1 1-1.3],  have  been  considered  as  important 
building  blocks  for  future  nanoelectronic  devices.  The  elec¬ 
tronic  properties  of  graphene  nanostructures  strongly  dc- 


J.  (yian  .  M.  Dutta  -  M.A.  Suoscio  (^) 

Deparuneni  of  Electrical  and  Compuler  Engineering. 

University  of  Illinois  al  Chicago.  Chicago.  IL  60607.  USA 
e-mail:  suoscio@uic.edu 

M.  Dutta  .  M.A.  Sttosek) 

Department  of  Physics.  University  of  Illinois  al  Chicago, 
cniicago.  IL  60607,  USA 

M.A.  Suoscio 

Department  of  Bioengineering.  University  of  Illinois  at  Chicago. 
Chicago.  IL  60607,  USA 


pend  on  the  confined  dimensions  [4,  10,  13],  The  effective- 
mass  approximation  is  widely  used  to  study  the  electronic 
states  and  the  transport  properties  of  the  carbon  based  nano¬ 
materials.  such  as  carbon  nanotube  [14,  15],  bulk  graphene 
[5,  15]  and  graphene  nanoribbons  ]6,  8],  At  room  temper¬ 
ature  carrier-phonon  scattering  is  the  dominating  source  of 
the  resistivity  in  moderately  doped  graphene  based  nanos¬ 
tructures  [10,  16],  The  long  wavelength  optical  phonons, 
which  dominate  for  high-energy  carrier  states  [  10,  17],  can 
be  described  well  by  elastic  continuum  models  in  both  car¬ 
bon  nanotubes  and  graphene  [14,  18-21],  Confined  opti¬ 
cal  phonon  modes  need  to  be  carefully  considered,  espe¬ 
cially  in  confined  dimensions  [22-24].  Thus,  it  is  essential  to 
consider  double  quantiz.ation  effects  for  both  electrons  and 
phonons  during  the  scattering  process  in  each  confined  di¬ 
mension  of  a  graphene  structure. 

In  this  paper,  we  study  the  electronic  states,  the  optical 
phonon  mtxles  and  the  electron-longitudinal  optical  (LO) 
phonon  interactions  in  a  two  dimensional  (2D)  confined 
graphene  nanosheet  having  orthogonal  zigzag  (ZZ)-odge 
and  armchair  (AC)-edge.  i.e.  rectangular  graphene  quantum 
dot  (RGQD).  The  extreme  quantum  limit  is  considered  for 
these  as  that  infinite  barriers  are  assumed  at  the  boundaries, 
as  shown  in  Fig.  1. 

Using  the  effective  mass  method  [8, 1 5]  we  describe  the 
discrete  electronic  states  near  the  K  and  K'  Dirac  point 
with  the  adoption  of  hard  wall  boundary  conditions  [10]. 
The  normalized  optical  phonon  modes  in  RGQDs  are  cal¬ 
culated  using  the  elastic  continuum  model  similar  to  our 
previous  calculation  in  graphene  nanoribbons  [22],  The 
phonon  bottleneck  effect,  which  is  very  common  in  three- 
dimensional  confined  quantum  dots  [25],  is  found  to  exist 
in  most  cases  of  RGQDs.  As  will  be  shown,  the  carrier- 
LO  phonon  scattering,  which  generally  dominates  in  bulk 
graphene  or  graphene  nanoribbons  at  room  temperature 
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Piezoelectricity  in  zincblende  polar  semiconductor  nanowires: 

A  theoretical  study 

Banani  Sen,®*  Michael  Strosdo,*’*  and  Mitra  Dutta®* 

Deparwienl  of  Electrical  and  Computer  Engineering.  University  of  Illinois  at  Chicago.  Chicago. 

Illinois  60607.  USA 

(Received  23  January  2012;  accepted  1 1  February  2012;  publLshed  online  14  March  2012) 

A  systematic  evaluation  of  the  piezoelectrically  induced  electric  polarization  vector  and  the 
associated  potential  on  the  application  of  mechanical  strain  to  charge-free  semiconductor 
nanowires  with  zincblende  crystal  stmcture  is  reported.  It  is  found  that  the  bending  mode  which  is 
easier  to  realize  in  practice  over  stable  compressional  modes  generates  maximum  piezo  energy  for 
these  zincblende  semiconductor  nartowires.  Also  zincblende  ZnO  nanowires  are  found  to  be 
superior  over  zincblende  AIN  and  GaN  wires  for  piezo  energy  harvesting.  ©  2012  American 
Institute  of  Physics.  [http;//dx.doi.org/10. 1063/1  ..3692604] 


I.  INTRODUCTION 

Energy  harvesting  has  been  around  for  centuries  in  the 
form  of  windmills,  watermills,  and  passive  solar  power  sys¬ 
tems.  The  current  frontier  of  energy  harvesting  is  an  array  of 
micro-scale  technologies  that  scavenge  milliwatts  from  solar, 
vibrational,  thermal,  and  biological  sources;  of  which 
vibration-based  mechanical  energy  is  the  most  ubiquitous 
and  accessible  source  of  energy. Over  the  last  decade 
much  research  has  been  focused  on  nanodevices  based  on 
nanoscale  piezoelectric  components  to  harvest  energy  on 
micro-Znano-scale.’’’*  However,  the  physics  behind  the  elec¬ 
tromechanical  phenomena  in  semiconductors  are  still  poorly 
studied.  On  application  of  an  external  strain  to  a  piezoelec¬ 
tric  crystal,  macroscopic  polarization  depending  on  the 
intrinsic  properties  of  the  crystal  is  produced  as  a  result  of 
the  displacements  of  ioas.  In  view  of  this  interest  this  article 
provides  a  detailed  treatment  of  the  piezoelectric  effect  in 
zincblende  nanowires  ba.sed  on  the  full  piezoelectric  tensor. 

II.  THEORY 

In  order  to  determine  the  piezoelectric  polarization  in  a 
zincblende  material  it  is  necessary  to  consider  the  piezoelec¬ 
tric  tensor  of  the  material  under  consideration  and  to  deter¬ 
mine  the  strain  components  corresponding  to  the 

deformation  under  consideration.  The  piezoelecaic  ten.sor 
relating  the  piezoelectric  polarization  vector  and  the  acoustic 
strain  vector  may  be  expressed  in  matrix  notation  for  the 
case  of  a  zincblende  crystal  in  Cartesian  coordinates  as 

(0  0  0  0  0  \ 

0  0  0  0  0  j.  (1) 

0  0  0  0  0 
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For  the  case  of  uniform  plane  wave  propagation  at  an  arbi¬ 
trary  angle  r;  in  the  XZ  plane  of  a  zincblende  crystal  the  pie¬ 
zoelectric  stress  matrix  transforms  as 

?  =  [a][el[M],  (2) 

where  the  rotation  transformation  matrix  [a]  is  given  by 

(cost;  0  -sinr;\ 

0  0  1 
sin  r/  0  cos  »;  / 

and  the  bond  stress  transformation  matrix  [Afj  is  derived 
from  [u].’’* 

Therefore,  the  piezoelectric  stress  tensor  e'  for  propaga¬ 
tion  at  an  arbitrary  angle  r;  in  the  XZ  plane  of  a  zincblende 
crystal  is  given  by 

/  0  0  0  0  e;;^\ 

?  =  <,  0  <3  0  <5  0  (3) 

V  b  0  6  4  0  4/ 

with 

4  =  f  rt  cos  2l), 

•^'x6  =  sin  2»/, 
e'l  =  -Crf  sin  2j\, 
e'yi  =  Cr»  sin  2//, 

4  =  Cx4  cos  2>/, 

4  =  Cx4  sin  2ij, 

4  =  cos  2»;. 

In  order  to  ca.st  e’  into  a  more  suitable  form  for  cylindrical 
quantum  wires,  we  made  a  transformation  from  the  Cartesian 
coordinate  system  to  the  cylindrical  coordinate  system.  In 
the  cylindrical  polar  coordinate  system,  the  piezoelectric 
stress  tensor  e'  for  propagation  at  an  angle  r;  in  the  XZ  plane 
of  a  zincblende  crystal  uansforms  as 

?’  =  [a'l[4[Wl.  (4) 

where  the  coordinate  transformation  matrix  [o']  is  given  by 
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By  considering  acoustic  phonon  mode  displacements  in  nanowires,  the  piezoelectrically  induced 
electric  polarization  vector  and  the  associated  potential  are  calculated.  For  the  case  of  charge-free 
semiconductor  nanowires,  the  piezo  energies  generated  by  strains  applied  in  different  directions  are 
compared.  For  the  directions  considered,  it  is  found  that  the  maximum  piezo  enei^y  in  these 
nanowires  is  generated  for  strain  applied  in  the  vertical  direction  (i.e.,  along  z-axis).  Moreover,  for 
these  nanowires,  energy  generation  in  AIN  and  ZnO  are  found  to  be  superior  to  GaN.  just  as 
ex|>ected  based  on  past  treatments  of  nanowires  using  phonons  of  bulk  structures.  ©  2011 
American  Institute  of  Physics,  [doi:  10. 1063/1 .3603036] 


I.  INTRODUCTION 


II.  THEORY 


Energy  harvesting  has  been  around  for  centuries  in  the 
form  of  windmills,  watermills,  and  passive  solar  power  sys¬ 
tems.  Among  the  different  forms  of  energy  harvesting,  vihwa- 
tion-based  mechanical  energy  being  the  most  ubiquitous  and 
accessible  energy  source  in  the  surroundings,  harvesting  this 
type  of  energy  exhibits  a  great  potential  for  remote  or  wireless 
sensing,  charging  batteries,  and  powering  electronic  devices. 
Over  the  last  decade,  much  research  has  been  focused  on 
energy  harvesting  using  piezoelectric  semiconductor  nano¬ 
wires  to  harvest  energy  on  the  microscale  and  nanoscale.* 
Owing  to  the  small  size  and  high  flexibility  of  the  nanowires, 
the  nanogenerators  are  very  sensitive  to  small  level  mechani¬ 
cal  disturbartces  and  are  ideal  for  powering  wireless  sensors, 
microrobots,  nano/micro  electro-mechanical  systems  (NEMS/ 
MEMS)  and  bioimplaniable  devices.^’"^  Yet,  the  physics  behind 
the  electromechanical  phenon^ena  of  these  semiccMiductors  is 
poorly  studied.  In  this  paper  we  have  presented  a  detailed 
study  of  the  electromechanical  phenomena  in  light  of  the 
piezoelectric  polarization  of  these  materials. 

The  piezoelectric  interaction  occurs  in  all  polar  crystals 
lacking  an  inversion  symmetry.  On  application  of  an  external 
strain  to  a  piezoelectric  crystal,  a  macroscopic  polarization  is 
produced  as  a  result  of  the  displacements  of  ions.  Thus,  an 
acoustic  phonon  mode  will  drive  a  macroscopic  polarization 
in  a  piezoelectric  crystal.  The  polar  crystals  are  generally  of 
three  types:  the  wurtzite,  the  zincblende  and  the  rock  salt. 
The  wurtzites  are  the  most  stable  and  therefore  most  com¬ 
monly  considered  at  ambient  conditions.  The  zinc  blende 
form  can  be  stabilized  using  substrates  with  cubic  lattice 
structure  and  the  rarely  found  rocksalt  (NaCl-type)  structure 
is  only  observed  at  relatively  high  pressures.  In  this  paper  we 
have  restricted  ourselves  to  the  most  common  type,  i.e.,  the 
hexagonal  wurtzite  structure. 
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In  order  to  determine  the  piezoelectric  polarization  in  a 
wurtzite  material,  it  is  necessary  to  consider  the  piezoelectric 
tensor  of  the  material  under  consideration  and  to  determine 
the  strain  components  correspmding  to  the  deformation 
under  coiLsideration,  The  piezoelectric  tensor  relating  the 
piezoelectric  polarization  vector  and  the  acoustic  strain  vec¬ 
tor  may  be  expressed  in  matrix  notaticMi  for  the  case  of  a 
wurtzite  crystal  in  Cartesian  coordinates  as 

(  0  0  0  0  0\ 

0  0  0  0  Ol.  (1) 

e=i  e:i  e=3  0  0  0/ 


For  the  case  of  uniform  plane  wave  propagation  at  an  ar¬ 
bitrary  angle  in  the  XZ  plane  of  a  wurtzite  crystal,  the  pie¬ 
zoelectric  stress  matrix  transforms  as 


«'  =  [fl][«][M],  (2) 

where  the  rotation  transformation  matrix  [a]  is  given  hy 
f  cos  t;  0  —  sin  i/ 

[a]  =  I  0  0  1 

sin  1/  0  cos  i; 


and  the  bond  stress  transfomiation  matrix  [M]  is  derived 
from  [a].^ 

Therefore,  the  piezoelectric  stress  tensor  e'  for  propaga¬ 
tion  at  an  arbitrary  angle  /;  in  the  XZ  plane  of  a  wurtzite 
crystal  is  given  by 


(^xl  ^x2  ^xi  0  e,5  0  \ 

0  0  0  0  (3) 

e-i  ei2  ei,  0  ^5  0  / 


with 


e'xi  =  —  er!  sin  »;cos"//  —  ^r3sin^>/  —  exs  cos  /;  sin  2/;, 
e'xi  =  -  e:i  sin 


e'xi  =  —  e:is\n^t]  —  e^icos'ris'mtj  -l-ej5COs?/sin2//[?], 


ex5=- 


sin  sin  2//  sin// sin  2i; 
- Z - +  ^.-3^ - - 


■  +  <x5  COS  //  cos  2//, 
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The  piezoelectric  coeflicienLs  for  lead  ziiconale  lilanale  ( PZT)  being  an  order  of  magnitude  higher 
than  the  piezoelectric  .semiconductors,  it  is  expected  that  this  piezoceramic  would  be  very 
promising  for  mechanical  energy  harvesting.  This  paper  presents  a  systematic  evaluation  of  the 
piezoelectric  potential  generated  in  charge-free  PZT  nanowires  upon  application  of  mechanical 
strain  in  different  directions.  Similar  to  wurtzite  semiconductor  nanowires,  in  case  of  PZT  wires  of 
rocksalt  ciystal  structure,  it  is  found  that  the  stretching  modes  generate  higher  potential  than  die 
bending  mode.  However,  in  spite  of  high  piezoelectric  coefiKiefd.s.  the  piezoelectric  potential  generated 
from  diese  piezoccramic  wires  is  much  lower  than  the  semiconductor  nanowires  becau.se  of  their  high 
dielectric  constant.  C  20/2  American  Institute  of  Physics.  [htlp://dx.doi.otg/IO.  I063/I.47372S7] 


I.  INTRODUCTION 

The  decreasing  power  requirements  for  nanodevices 
open  the  frontier  of  energy  harvesting  from  otherwi.se  wasted 
energy  from  the  environment.  An  intriguing  possibility  is  the 
utilization  of  work  produced  by  the  human  body  via  daily 
activities.  Piezoelectric  materials  have  attracted  much  inter¬ 
est  of  researchers  dealing  with  recent  areas  for  electrome¬ 
chanical  energy  conversion  technologies.  Lead  zirconate 
titanate  PblZr^Tii-^IO):  0<x<  I.  a  ceramic  perovskite 
material  is  considered  as  a  promising  piezoelectric  material 
because  of  its  relatively  high  piezoelectric  coeflicienLs.''*  In 
this  paper,  we  have  presented  a  detailed  study  of  the  electm- 
mechanical  phenomena  in  PZT  in  light  of  the  piezoelectric 
polarization  of  these  materials. 

II.  THEORY 

Direct  piezoelectricity  may  be  defined  as  the  electric 
polarizalicn  produced  by  mechanical  strain  in  certain  classes 
of  crystals.  The  piezoelectric  polarization  is  proportional  to 
the  strain  and  changes  sign  with  it.’  In  mathematical  nota¬ 
tion.  piezoelectrically  induced  electric  polarization  vector  T 
is  given  as 

7  =  7  S,  (I) 

where  7  is  the  piezoelectric  stress  tensor  and  ?  is  the  acoustic 
strain  vector. 

The  piezoelectric  stress  tensor  for  a  tetragonal  crystal 
system  in  matrix  notation  may  be  expressed  as 

(  0  0  0  0  e,3  0\ 

0  0  0  0  0  j.  (2) 

e.-i  C;]  Cd  0  0  0/ 
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To  cast  7  into  a  form  suitable  for  cylindrical  quanmm  wires 
it  is  necessary  to  express  7  in  a  mote  general  form  where  the 
co-ordinate  axes  ate  rotated  with  respect  to  the  principal 
axes  of  the  crystal.  Upon  applying  the  rotation  transforma¬ 
tion  matrices  of  Auld.*  the  piezoelectric  stress  tensor  for 
phonon  propagation  at  an  arbitary  angle  i)  in  the  XZ  plane  of 
a  tetragonal  crystal  in  cylindrical  polar  co-ordinate  system 
(r.  <t>.  z]  transforms  as 

with 

7  =  [ol[7llMl,  (3b) 

where  (he  rotation  transformation  matrix  [a]  and  [o']  are 
given  as 


/cost! 

0 

-sin  II  \ 

/  cosi^ 

sin^  0\ 

0 

0 

' 

,  I  -sin.^ 

costfi  0  1 

Vsmi( 

0 

COSI)  / 

\  0 

0  1/ 

and  (he  bond  stress  transformation  matrices  [Afj  and  [Af'j  are 
derived  from  [a]  and  [c/\.  respectively.’"* 

Therefore,  the  piezoelectrically  induced  electric  polar¬ 
ization  vector  P  in  cylindrical  polar  co-ordinates  in  terms  of 
the  piezoelectric  tensor  7’  and  the  acoustic  strain  vector  5 
may  be  written  as 

P  =7^  S.  (4) 

where  P  is  a  three  component  vector  and  5  is  (he  six- 
component  strain  vector.  The  six  strain  components  in  cylin¬ 
drical  polar  co-ordinate  system  with  r  being  the  velocity 
a.ssociated  with  the  acoustic  phonon  displacement  u  and  to 
being  the  harmonic  frequency  a.ssumed  for  (he  phonon  field. 
Le..  r  =  itou  are’"* 
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Simple  analytical  expressions  are  derived,  herein,  for  the  interface  phonon  modes  of  complex  SiC- 
and  GaN-based  substrates.  These  analytical  results  are  essential  for  studies  of  remote  polar-optical 
phonon  phenomena  in  a  variety  of  structures  including  heterostructures,  in  two-dimensional  (2D) 
stmctures  such  and  graphene,  BN,  and  M0S2  cmi  polar  substrates,  as  well  as  in  efforts  to  control  the 
bandgaps  of  such  2D  structures  through  interactions  with  polar  substrates.  €)20I3  AIP  Publishing  LLC. 
[http://dx.doi.org/10. 1063/1 .48 17528] 


I.  INTRODUCTION 

Wide  band-gap  nitride  materials  has  potential  applica¬ 
tions  in  UV  lasing  and  sensing**^  and  high-power  devices  that 
are  able  to  work  in  extreme  environments.^’  So,  they  have 
attracted  interest  in  recent  years.  These  group  m  materials 
belong  to  the  hexagonal  wurtzite  crystal  structure  that  has 
lower  symmetry  compared  to  their  zinc -blende  counterparts. 
Therefore,  there  exist  more  phonon  branches  in  wurtzite  mate¬ 
rials  (nine  optical  and  three  acoustic  modes ).^’^  These  phonon 
modes  have  distinct  dynamics  and  interaction  with  carriers. 

As  is  well-known,  optical  phonons  make  a  dominant  con¬ 
tribution  to  scattering  processes  in  polar  semiconductor  quan¬ 
tum  heterostructures.  In  these  structures,  they  govern  a  number 
of  processes  including  hot-electron  relaxation,  electron  inter¬ 
band  transition,  room  temperature  exciton  recombination,  and 
transport  properties.*^*^  Past  theoretical  investigations  have 
been  perfomied  on  the  interface  optical-phonon  modes  for 
cubic  and  wurtzite  structures. However,  many  of  these 
investigations  were  performed  on  the  wurtzite  cylindrical  quan¬ 
tum  wires.^^’  symmetric  structures"'^  or  periodic  superlattice 
structures. For  asymmetric  wurtzite  structures,  the  phonon 
dispersion  relation  is  much  more  complicated  due  to  its  optical 
anisotropy A  lot  of  work  has  been  done  on  the  one  inter¬ 
face  wurtzite  quantum  heterostructure  case.^^*^  Here  we  derive 
the  di.spersion  relation  and  phonon  potential  for  a  two-interface 
wurtzite  quantum  heterostructures  (Fig.  1)  using  Loudon’s  uni¬ 
axial  and  macroscopic  dielectric  continuum  model.^ 

The  paper  is  organized  as  follows.  In  Sec.  II,  we  give 
the  analytical  solutions  of  the  dispersion  relation  of  interface 
optical  phonon  modes  and  electrostatic  potentials  in  the 
structure.  These  solutions  are  applied  to  special  cases  of  SiC/ 
GaN/vacuum  and  GaN/AlN/Vacuum  heterostructures  and 
the  results  and  discussims  are  given  in  Sec.  III.  We  summa¬ 
rize  the  paper  and  conclude  in  Sec.  IV. 

II.  THEORY 

Wurtzite  crystal  structure  has  a  c  axis  that  is  perpendicu¬ 
lar  to  the  hexagonal  planes.  We  take  the  c  axis  along  the  z 
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direction,  which  is  peipendicular  to  the  heterointerfaces,  and 
denote  the  direction  perpendicular  to  c  axis  as  _L.  Due  to  the 
optical  anisotropy  of  wurtzite  structure,  the  long  wavelength 
optical  phonon  modes  can  be  divided  into  two  groups,  ordi¬ 
nary  and  extraordinary  phoncxis,  based  on  the  mutual  orien¬ 
tation  between  the  c  axis,  the  phonon  wave  vector  q,  the 
electric  field  E,  and  the  polarization  field  P.  Following 
Loudon's  theory  for  uniaxial  crystals,  only  one  group  of 
three  optical  phonon  h'anches  is  infrared  active.  At  the  F 
point  in  the  Brillion  zone  of  wurtzite  crystal,  only  the 
z-polarized  phonon  with  Aj  symmetry  and  ±-polarized  pho¬ 
non  with  E|  symmetry  are  infrared  active  among  the  nine 
optical-phonon  modes.  Within  the  macroscopic  dielectric 
continuum  model,  the  field  associated  with  the  optical  pho¬ 
non  modes  in  the  non-retardation  limit  satisfies  the  classical 
electrostatic  equations^^' 

£(r)  = -V(D(r),  (1) 

D(r)  =  E{r)  A-  AnP{r)  =  ex^(of)Ex_{r)p  +  e.-(cu)£-(/-)f ,  (2) 
VD(r)=0,  (3) 

where  E  is  the  electric  field.  D  is  the  displacement,  P  is  the 
polarization  field,  and  O  is  the  electrostatic  potential  due  to 
the  optical  phonon  mode,  z  and  p  denote  the  unit  vector 
parallel  and  perpendicular  to  z  direction,  respectively.  We 
assumed  that  there  is  no  charge  transfer  between  ions.  s± 
and  fiz  are  the  frequency-dependent  dielectric  functions  par¬ 
allel  and  perpendicular  to  z  directions.  They  are  given 
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FIG.  1.  Schematic  diagram  showing  a  two-interface  heterostructure  com¬ 
posed  of  three  arbitrary  wurtzite  materials. 
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1.  Introduction 

In  recent  years,  considerable  research  has  been  devoted  to 
means  of  increasing  the  gale  capacitance  so  as  to  increase  the  drive 
current  of  a  MOSFFT  (metal-oxide'semiconductor  ffeld-effect  Iran* 
sistor).  As  is  well  knowa  silicon  dioxide  (SiOa)  is  a  ^dely  used 
insulator  separating  the  gate  and  the  semiconductor.  However, 
due  to  leakage  current  inaeases  the  tluckness  of  SiOj  cannot  be 
decreased  below  the  1.5- 1.0  nm  range  which  is  required  by  device 
scaling.  This  drawback  of  SiO^  has  mobvated  efforts  to  find  new 
materials  to  replace  it.  Recendy.  a  considerable  amount  of  effort 
has  been  devoted  to  high-k  dielectrics  whose  dielectrics  constant 
k  is  larger  than  that  of  SiCh  in  order  to  increase  the  overall  capac¬ 
itance  and  then  increase  the  drive  current.  However,  there  is  still  a 
problem  that  needs  to  be  solved  if  SK)}  is  replaced  with  a  high>k 
dielectrx.  A  htgh-k  dielectnc  is  a  material  with  a  high  dielearic 
constant  k  which  results  from  both  the  ionic  and  the  elearonic 
poianzadon.  For  an  insulator,  a  higher  dielectric  constant  can  only 
come  from  a  large  ionic  polarization  because  the  bandgap  of  the 
insulator  is  too  Urge  to  increase  the  electronic  poUrization.  We 
know  that  large  ionic  response  dominates  at  low  frequetKy  which 
result  in  a  large  static  dielearic  consunt  while  large  static  dielec¬ 
tric  constant  lead  to  targe  scattering  strength  because  it  is  propor¬ 
tional  to  As  a  result  of  the  large  scattering  strength 


*  Cormpondlng  Mdm.  Td.:  *1  3I2)4CB868. 

E-ndloMrom.  nzlur(7«ucr<lu(N.  ZIua(L  tntnclodliK^du  OLA.  SraKto). 

hltp://dJidati>r|;iaiOI6/).ac20I40l  007 
003S-II0I/O  20U  EtwKr  Ud.  All  nghB  mnwd 


Assocucol  with  low  frequcncin.  the  cffcctivr  electron  mobility 
in  the  inveriion  byer  of  the  MOS  system  is  reduced  1 1 1.  It  is  this 
disjdwonuge  of  high-k  dielectrics  tlut  prompts  us  to  consider 
using  i  duil-gate  structure  to  ovoid  the  scottering  coused  by  the 
phonon  modes  existing  in  the  system. 

The  principol  gool  of  this  poper  is  to  show  thot  oil  of  the  inter- 
foce  phonon  modes  -  which  ore  generolly  dominont  in  the  elec¬ 
tron-phonon  scottering  processes  -  moke  considerobly  reduced 
contnbubons  when  metolbc  boundories  ore  selected  oppropnotely. 
This  is  of  poniculor  importonce  n  nonoscole  structures  where  the 
mterfoce  phonon  modes  generolly  dominont  in  the  scottering  of 
comer  from  phonon  modes.  Indeed,  in  Ref.  |2|,  it  is  demonstroted 
thot  esuMishing  metol-semiconductor  interfoces  ol  the  helero- 
junebons  of  semicanductar  quontum  wells  with  the  semiconduc- 
tor-metol  boundory  conditions  dromoticolly  reduces  or 
ekminotes  unwonted  comer  energy  loss  coused  by  interoctions 
with  mterfoce  longitudinol-opacol  (LO)  phonon  modes.  Moreover, 
in  Ref.  |3j,  study  of  the  Homiltonion  describing  the  inierocoon  of 
both  confined  longitudinol-opbcol  ond  sutfoce-opbcol  photons 
with  chorge  comers  demonstrotes  thot  the  inleroction  by  the  sur- 
foce-opticol  phonon  modes  is  vety  strong  ond  moy  dominole  over 
other  scottering  processes  especiolly  with  dimensions  of  obout 
100  A  or  less.  Ref.  |6|  provides  oddmonol  exomples  of  the  domi- 
nonce  of  corner- interfoce-phonan  scottering  omong  the  phonon 
scottering  mechonisms.  Becouse  of  the  typicolly  dominont  role  of 
the  inteifoce  phonon  modes  omong  the  phonon  scottering  pro¬ 
cesses  in  lunostructures  ond  becouse  of  the  frequent  dominonce 
of  phonon  scottering  processes  in  nonodevices,  it  is  importont  to 
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